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Preface to “High-Efficiency and High-Performance 
Power Electronics for Power Grids and Electrical
Drives”

Power electronics have enabled the transition from rotating to static power conversion and 
radically transformed the way we condition electrical energy in stationary and non-stationary 
applications. As a result, power electronic converters are pervasive in today’s society. They 
are available in many variants, each with pros and cons, and their rated power keeps increasing 
significantly. Many successful applications have already been deployed. However, the urge for a 
sustainable future requires further performance increase in terms of efficiency, power density, power 
quality, cost, robustness to faults, as well as stable operation and high dynamic performance in 
several operating conditions. These results can be obtained by leveraging different approaches such 
as advanced converter topologies, innovative control techniques, and wide bandgap power devices.

Based on the above premises, this Special Issue collects papers addressing techniques to improve 
the efficiency and performance of the application of power electronics in power grids and electrical 
drives. Such papers can be grouped into three categories:

(a) Power converters used to interface Renewable Energy Sources (RESs) and Energy Storage 
Systems (ESSs) with microgrids or to recharge ESSs in electric vehicles.

(b) Performance increase in variable speed electrical drives and direct online induction motors.

(c) Application of electrical loss minimization techniques to microgrids based on RESs.

The articles published in this Special Issue contribute to expanding the scientific knowledge in 
the field of power electronics and offer valuable insights into the recent developments for researchers, 
scholars, and practitioners working in such a field.

The Guest Editor is grateful to the MDPI publisher for the invitation to hold such a position 
for this Special Issue of Energies. He would also like to thank all the authors and reviewers for their 
commitment that led to the success of this Special Issue. Furthermore, he is very grateful to the 
editorial staff of Energies, especially to Ms. Vickie Zhang for her valuable cooperation and support.

Massimiliano Luna
Editor
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Since the invention of the light bulb by T. A. Edison, the use of electricity has kept 
growing during the recent century. In fact, electrical energy is the most versatile among 
the various forms of energy. It can be easily generated, transmitted across long distances, 
distributed as AC or DC, and converted into other forms with high efficiency to be used on 
demand or stored for later use. In particular, power electronics is the enabling technology 
that allowed for the transition from rotating to static power conversion, thus radically 
transforming how we condition electrical energy in stationary and non-stationary applica
tions. Currently, power electronic converters are available in many variants, each with pros 
and cons. They generally exhibit good efficiency, dynamic performance, and reliability, 
especially when they supply passive loads. The most recent power electronic converters are 
very sophisticated and cover different application domains: from grid-connected inverters 
for renewable energy sources (RESs) to optimal power flow controllers for microgrids under 
the supervision of an energy management system (EMS); from high-dynamics variable 
speed electrical drives (VSDs) for industrial applications to smart and efficient drives for 
e-mobility; and from wireless charging of electric vehicles to bidirectional converters for 
the integration of energy storage systems (ESSs) into AC or DC microgrids.

Although such applications have been successfully deployed, the urge for a sustainable 
future requires further performance increase in terms of efficiency, power density, power 
quality, cost, robustness to faults, as well as stable operation and high dynamic performance 
in several operating conditions. These results can be obtained by leveraging different 
approaches. For example, wide bandgap power devices such as silicon carbide (SiC) 
or gallium nitride (GaN) allow for faster dynamics, reduced power loss, and increased 
power density. In addition, advanced converter topologies such as multilevel/multiphase 
converters or partial power converters can also offer several benefits. The first can improve 
power quality and can reach higher power levels through modular design; the others allow 
for processing only a fraction of load power, thus achieving increased power density and, 
again, higher power levels.

Moreover, it is also possible to take advantage of innovative control techniques. For 
example, electrical loss minimization (ELM) techniques can reduce losses for a given load 
power, whereas maximum torque per ampere (MTPA) techniques for electrical drives can 
reduce the current needed to obtain a given load torque level. As a result, both techniques 
lead to increased efficiency; in addition, MTPA improves the dynamic performance.

Based on these premises, this Special Issue was launched to gather technical and 
scientific contributions on various techniques aimed at improving the efficiency and perfor
mance in power electronics applications for power grids and electrical drives. The Guest 
Editor of this Special Issue was pleased to observe a positive response from the scientific 
community, which contributed ten high-quality articles. Such a response confirms the 
importance of the subject and the need for investigating new solutions in this field. The 
articles published in this Special Issue contribute to expanding the scientific knowledge in 
the field of power electronics and will be briefly reviewed in the following section.
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2. Overview of the Contributions in This Special Issue
This Special Issue includes ten contributions on various techniques aimed at improving 

the efficiency and performance in power electronics applications for power grids and 
electrical drives [1-10]. Such articles were authored by international research teams from 
several countries and covered different topics. For the reader ’s convenience, they were 
grouped into three categories:
(a) Power converters used to interface RESs and ESSs with microgrids [1,3,5,7,8,10] or to 

recharge ESSs in electric vehicles [9];
(b) Performance increase in VSDs and direct online induction motors [4,6];
(c) Application of electrical loss minimization techniques to microgrids based on RESs [2].

In the following, after a short description of each contribution, some perspectives for 
future developments are briefly given.

As for category (a), the first three contributions deal with multilevel converters. The 
study presented in [1] by Wang et al. is focused on modular multilevel converters (MMC). 
Although such converters are well-suited for high-power and medium-voltage applications, 
they exhibit a quite complex topology based on several submodules (SMs). Therefore, their 
performance can be affected by SM failures, leading to unequal power distribution and 
undesirable internal dynamics. Wang et al. [1] studied the impact of SM failures on the 
MMC internal dynamics performance and proposed two implementations of auxiliary con
trollers that can regulate such dynamics. The performance of the presented techniques was 
assessed using time-domain simulations and through experiments. In general, the authors 
found that appropriate control countermeasures can minimize the adverse impact of SM 
failures in terms of control range, power quality on the AC and DC sides, and distribution 
of voltage stress across the SM capacitors and semiconductor switches. Furthermore, they 
presented the trade-offs of the two proposed control methods. The first control scheme 
is better than the second from the AC side viewpoint but pollutes the DC current with 
a fundamental frequency ripple. In contrast, the second scheme is better than the other 
from the DC side viewpoint; nevertheless, it increases the risk of DC injection into the AC 
grid and reduces the AC control range. Future development could be devoted to devising 
control strategies that can improve the performance on both the DC and AC sides without 
trade-offs.

In [3], Di Benedetto et al. designed two multilevel converters that exhibited high 
efficiency and power density, as required for microgrid applications, as well as good 
performance in terms of quality of voltage and current waveforms using only silicon 
power semiconductors. In particular, the paper focused on a three-phase five-level E-type 
multilevel-multicell rectifier (3<|.>5L E-Type MMR) and a three-phase five-level E-type 
multilevel-multicell inverter (3<I>5L E-Type MMI). The E-type topology was chosen because 
it allows for implementing an interleaved configuration using an intercell transformer, 
thus reducing the volume of the output filter. First, the proposed hardware design and 
control strategy were validated by simulations. Then, a prototypal 3<I->5L E-Type MMR 
plus 3<|.>5L E-Type MMI was built using silicon MOSFETs or IGBTs switching at 20 kHz, 
and its performance was assessed experimentally. The results obtained showed excellent 
performance. The THDv and THDi were 0.88% and 1.95%, respectively. Furthermore, the 
converter exhibited a peak efficiency of nearly 99% using only silicon power semiconduc
tors, a power density of 8.4 kW/dm3, and specific power of 3.24 kW/kg. In comparison, a 
similar SiC-based converter proposed by another author exhibited the following figures 
of merit: 99.2%, 1.4 kW/dm3, and 2.5 kW/kg; furthermore, another SiC-based converter 
proposed in the technical literature exhibited 99.26% efficiency and a power density of 4 
kW/dm3. This comparison shows that remarkable results can be obtained using an appro
priate topology, even without using wide-bandgap devices. On the one hand, this concept 
could also be applied to other converter topologies. On the other hand, the performance of 
the converter proposed in [3] could have been even higher if SiC devices had been used.

Another contribution about multilevel converters was given by Foti et al. [5]. The 
authors presented a multi-input N-level power converter topology for grid-connected 
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applications, which can perform independent management of N-1 power sources and 
an ESS without requiring additional DC-DC power converters. The proposed topology 
encompasses a three-phase neutral point clamped multilevel inverter (MLI), a three-phase 
transformer in an open-end winding configuration, and a conventional two-level inverter 
(TLI). The MLI can interface several DC sources such as photovoltaic (PV) modules and 
wind energy conversion systems with rectified output, providing active power to the grid. 
It operates at a low switching frequency (<1 kHz), thus featuring low switching power 
losses. The TLI is operated at a higher switching frequency but with a lower DC bus 
voltage, and its DC port can be connected to a bulk capacitor or an ESS. The TLI works 
as an active filter to compensate for the low-order harmonics generated by the MLI and 
for imbalances among the source voltages, provided that they do not exceed the DC bus 
voltage. The proposed topology reduces the complexity and cost of a multi-input power 
converter. Moreover, it exhibits reduced losses and lower switch count with the same 
power quality level. Both features contribute to increasing the efficiency and the power 
density of the converter. The validity of such a concept was confirmed first theoretically 
and then by simulations and experimental tests. Even when the N-1 input voltages were 
imbalanced, the THD was as low as 1.5%. Furthermore, the peak efficiency of the converter 
reached a maximum value of 95%. In future work, it could be interesting to apply the 
proposed concept to other application domains, such as electric vehicles and the aerospace 
industry.

Other contributions that fall into category (a) are [7,8] by Luna et al. These papers 
were focused on the use of bidirectional DC-DC converters to integrate an ESS into a 
DC microgrid, ensuring stable operation and good dynamic performance. The authors 
showed that this integration deserves careful design because the ESS converter is required 
to work in different scenarios depending on the microgrid configuration. They chose 
the Split-Pi converter as a case study because it presents several merits at the only cost 
of non-isolated operation; however, the proposed approach has general validity. In [7], 
the authors analyzed the five possible operating scenarios, showing how to model the 
equivalent load of the ESS converter, and devised the state-space model of the ESS converter 
supplying such a load. Each scenario requires a different control scheme with reference to 
the number of control loops and the controller design procedure to obtain high performance. 
Proportional-integral-derivative (PID) controllers were employed, and the related design 
criteria were given. Then, in [8], the authors validated the theoretical analysis presented 
in [7] by performing several simulations and experimental tests. Future development of 
this work could be devoted to designing unconventional control systems for ESS converters 
suitable for operating in more than one microgrid scenario or, possibly, in all the scenarios.

The main objective of the work by Aouichak et al. was to present and experimentally 
validate a bidirectional DC-AC converter for ESSs, connected to the AC grid and operated 
under the supervision of a smart home electricity management system (HEMS) to reduce 
the cost of electricity [10]. The proposed converter can operate in both grid-connected 
and off-grid modes. It is based on two cascaded bidirectional stages and can generate a 
full sinusoidal wave from a sinusoidal half wave thanks to the high performance of wide 
bandgap devices. First, a modified half-bridge DC-DC stage regulates the DC voltage 
and establishes the positive half of the AC waveform; such a stage is based on two SiC 
power MOSFETs controlled at a high frequency (150 kHz). Then, an H-bridge DC-AC stage 
periodically reverses such a waveform; this stage is composed of four MOSFETs on a silicon 
substrate, controlled at line frequency (50 Hz). The converter was validated experimentally 
in inverter mode and in rectifier mode with power factor correction (PFC). The use of 
SiC switches combined with appropriate control strategies allowed for an increase in the 
compactness of the converter while ensuring good performance, especially in terms of 
efficiency, which exceeded 95% over the entire power range from 100 W to 1.5 kW. The main 
advantages of the proposed converter are twofold: (1) it is based on a reasonably complex 
topology and, thus, can be recommended as an alternative solution for HEMS applications; 
(2) in stand-alone operations, it does not require a bulky output filter, so it is more compact
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than a traditional H-bridge inverter. Future development could be focused on analyzing 
the electromagnetic compatibility aspects related to the high switching frequency to ensure 
a safe connection to the AC grid.

The last contribution falling into category (a) is the one by Madzharov et al. and 
discusses the application of the energy dosing technique to improve the performance of 
a charging station for electric vehicles based on a resonant DC-DC converter [9]. The 
proposed converter comprises a half-bridge resonant inverter with energy dosing (RI with 
ED) without reverse diodes, a high-frequency matching transformer, and an output rectifier 
with a capacitive filter. The switching devices operate with zero current switching (ZCS) 
and zero voltage switching (ZVS). The main advantage of the energy dosing schemes 
is that the power does not depend on the load resistance value but is a function of the 
operating frequency, the resonant capacitance, and the supply voltage. Therefore, the power 
transferred to the vehicle can be kept constant despite variations in the magnetic coupling 
coefficient during stops and driving. The characteristics of the RI with ED were compared 
with two other competing schemes often used in charging stations as high-frequency 
sources. The proposed converter presents a higher intrinsic regulation capability because 
the frequency variation required to maintain the nominal power against load variation 
is lower. A further extension of this work could include optimizing the component size 
to achieve different goals, such as minimum losses, maximum efficiency, and minimum 
weight and volume.

The two contributions that fall into category (b) focused on performance increases in 
VSDs and direct online induction motors (DOL-IMs). In [4], Di Benedetto et al. focused 
on implementing a high-performance power conversion system to reduce overvoltage in 
VSDs supplied by SiC-based inverters using long power cables. In particular, a three-phase 
two-level inverter with snubber circuits based on capacitors and diodes was investigated, 
designed, and tested to mitigate the overvoltage without sacrificing the conversion effi
ciency. Furthermore, an additional circuit was used to recover the energy from the snubbers 
avoiding increased losses. The proposed analysis was validated through experimental 
tests performed on a prototypal converter. The experimental results showed that, in the 
absence of the snubbers, the voltage at the motor terminals could reach twice the DC bus 
voltage when the cable length was equal to 15 m or 30 m: using a 400 V DC bus, the peak 
voltage at the motor side was 845 V, and the dV/dt was 9.95 V/ns. Instead, the proposed 
converter reduced the dV/dt to 1.47 V/ns and limited the overvoltage to 562 V. The power 
density was much higher than that for classical solutions such as the three-phase two-level 
inverter complemented by a bulky passive filter. The only drawback was a slight reduction 
in the conversion efficiency (0.976% against 0.982%). The proposed technique is promising, 
but further work should be devoted to finding a good compromise between the efficiency, 
dV/dt, and overvoltage of the entire electrical drive system.

In [6], Tornello et al. presented a technique to improve the performance of induction 
motors by exploiting an auxiliary winding set supplied by a partial power inverter. In fact, 
three-phase DOL-IMs are the most dominant solution in the industrial sector, providing a 
variety of constant speed and variable load applications where dynamic requirements are 
not critical. However, they exhibit a low power factor at partial loads, which is mitigated 
by adding suitable capacitors; moreover, a significant in-rush current is generated at start
up, leading to voltage dips, speed losses, torque pulsations, and possible activation of 
protection devices. In such applications, the additional cost implied by a VSD with a 
full-size inverter is not justified. However, the authors of [6] showed that it is possible 
to compromise cost and performance by using an auxiliary winding and a partial power 
inverter. The auxiliary winding features fewer turns than the main one and thus has lower 
voltage and power ratings. If suitably controlled by an inverter sized for a fraction of the 
motor’s rated power and supplied through a floating capacitor, it allows for the following 
advantages to be obtained: (1) the machine power factor and, thus the efficiency, can be 
increased; (2) torque oscillations produced by the mechanical load or by distorted grid 
voltages can be mitigated; and (3) grid current peaks at motor start-up can be mitigated as 
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well. The proposed technique was assessed by simulating a machine with a turn ratio of 
five. The results obtained showed that the power handled by the auxiliary winding and 
the inverter in the worst-case scenario was roughly one-fifth of the machine’s rated power. 
Given that the inrush current mitigation depends on the capacitance of the floating capacitor, 
future extensions of this study could be focused on finding alternative approaches, such 
as performing the start-up at a higher DC-bus voltage to increase the energy stored in the 
floating capacitor.

Lastly, regarding category (c), Kumar et al. applied an ELM technique to a microgrid 
with power converters interfacing RESs such as solar photovoltaics (SPV) and wind turbine 
generators (WTG), as well as battery storage systems (BSSs) [2]. The authors’ goal was 
to minimize the detrimental effect of active and reactive power losses in the microgrid to 
exploit the full potential of green energy generation and use. First, the optimal locations 
for accommodating the distributed generators (DGs) were obtained by considering two 
specific indices. Then, an optimization problem was formulated to perform the optimal 
sizing of the DGs for achieving the ELM. The problem was solved using a constriction 
factor-based particle swarm optimization (CF-PSO) technique, which has overtaken many 
algorithms, including the genetic algorithms (GA). Finally, a reliability analysis (RA) of 
the microgrid was performed by evaluating five indices and using the optimal location 
and sizing of the RESs and BSSs. The outcomes of the study showed an enhancement in 
the electrical loss minimization and an improvement in the bus voltage profile compared 
with a system without DGs. In addition, the RA was repeated considering the uncertainties 
in the reliability data of the SPV and WTG interfaced by power converters, including the 
failure rate and the time to repair. It was shown that the microgrid’s reliability significantly 
improved by considering the reliability data of the optimally integrated DGs. Some per
spectives for future developments include the extension of the analysis to include aspects 
such as CO2 emissions, economics, system protection and reconfiguration, and system 
security.

3. Conclusions
This Special Issue is composed of ten papers that presented various techniques aimed 

at improving the efficiency and performance of power electronics applications in power 
grids and electrical drives. The contributions provided offer valuable insights into the 
recent developments in such a field. The Guest Editor briefly summarized each contribution 
and highlighted some perspectives for future developments. It is hoped that the proposed 
techniques will soon be implemented in the energy industry and further improved.
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Impact of Submodule Faults on the Performance of 
Modular Multilevel Converters
Shuren Wang 1, Fahad Saeed Alsokhiry 2 and Grain Philip Adam 1,*

1. Introduction

To date, modular multilevel converter (MMC) is a preferred technology for high-power 
medium/high-voltage distribution and transmission applications due to ease of scalability, modularity, 
reduced power losses, and high-quality ac and dc side waveforms [1]. However, the use of 
submodules (SMs) with floating distributed capacitors in MMC results in complex internal dynamics, 
which necessitates the adoption of a complex multi-layer control system compared to that of 
conventional voltage source converters.

Typically, the common-mode current of balanced MMC consists of dc and harmonic components, 
and its dc component acts as a link between the dc power and the power flowing through SMs, 
which constitute the MMC arms. The harmonic components of the common-mode current circulate 
between the arms, which are widely referred to as circulating currents representing undesirable 
parasitic components that add losses and increase SM capacitor voltage ripples [1]. In contrast, 
the differential-mode currents of an internally balanced MMC are the fundamental output currents 
that flow in the ac side and responsible for power transfer between the MMC arm and ac-side output
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Abstract: Modular multilevel converter (MMC) is well suited for high-power and medium-voltage 
applications. However, its performance is adversely affected by asymmetry that might be introduced 
by the failure of a limited number of submodules (SMs) or even by severe deviations in the values of 
SM capacitors and arm inductors, particularly when the number of SMs per arm is relatively low. 
Although a safe-failed operation is easily achieved through the incorporation of redundant SMs, 
the SMs’ faults make MMC arms present unequal impedances, which leads to undesirable internal 
dynamics because of unequal power distribution between the arms. The severity of these undesirable 
dynamics varies with the implementation of auxiliary controllers that regulate the MMC internal 
dynamics. This paper studied the impact of SMs failure on the MMC internal dynamics performance, 
considering two implementations of internal dynamics control, including a direct control method 
for suppressing the fundamental component that may arise in the dc-link current. Performances of 
the presented and widely-appreciated conventional methods for regulating MMC internal dynamics 
were assessed under normal and SM fault conditions, using detailed time-domain simulations and 
considering both active and reactive power applications. The effectiveness of control methods is 
also verified by the experiment. Related trade-offs of the control methods are presented, whereas it 
is found that the adverse impact of SMs failure on MMC ac and dc side performances could be 
minimized with appropriate control countermeasures.

Keywords: ac/dc converter for medium and high-voltage applications; modular multilevel converter; 
submodule fault; fault-tolerant control and operation
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circuit. Normally, the SM capacitor voltages affect the synthesis of ac and dc side voltages of the 
MMC, i.e., the differential- and common-mode voltages, respectively. To reduce such couplings, 
several control methods exist in the open literature for suppression of the circulating current and 
regulation of the capacitor voltages independent of dc-link voltage [2].

SM, arm, and phase-leg voltages/energies represent three important elements or layers that 
must be controlled to minimize MMC internal dynamic interactions during normal and abnormal 
conditions. To manage the voltage differences between SMs within each arm, SM voltage balancing 
algorithms based on either centralized sorting or distributed control are employed [3,4]. Generally, 
MMCs with de-coupled internal-external dynamics respond faster to active power and dc voltage 
set-points; exhibit reduced output voltage distortion during major transients and overall impacts of 
cross-modulation on ac and dc side waveforms [5,6]. Wide-ranging research efforts have been invested 
into high-level controllers (capacitor voltage/energy sum controllers in arm and phase-leg levels) [7,8], 
in which predominantly ideal (identical) passive components are usually assumed. Although a 
large number of SMs may reduce the adverse effects of capacitance tolerances, passive component 
tolerances remain a prevalence issue, particularly, for MMCs, with a relatively low number of SMs per 
arm as anticipated in medium-voltage (MV) applications. Therefore, it is imperative to account for 
uncertainties due to passive component tolerances during MMC design and maintenance stages [9-12]. 
In this line, the adverse effects of asymmetrical cell capacitances on the ac output voltage of MMC 
that employs three-level flying capacitor SMs have been identified when the energy-based balancing 
approach was used in the high-level controllers that regulate the MMC internal dynamics [10]. The work 
in [11] has revealed the inducement of fundamental frequency ripple in the dc-link current of the MMC 
with asymmetrical arm inductances and proposed a voltage-based active control method to suppress 
the induced fundamental frequency ripple from the dc-link current.

On the other hand, a fault that happened in MMC SMs may cause operational issues ranging 
from distortion of ac and dc side voltages and currents to total disruption of power transfer. Methods 
for SMs fault detection and identification are proposed in [13-15], while increased MMC resiliency to 
SM faults through the concept of redundant SMs are discussed in [16] and [17]. With regard to the SM 
fault tolerance capability of the MMC, several SM-fault control methods have been discussed [18-21]. 
Two approaches are proposed, and the respective features are presented in [18]. The fundamental 
common-mode current ripple during SM faulty has been claimed in [19], and a dq-frame-based control 
method is proposed. However, this method depends on phase lock-loop for the ripple. Further 
research in [20,21] has proposed proportional resonant (PR) based control methods to suppress the 
fundamental ripple, but the control effects on the overall operation are not analyzed. Besides, in most 
previous works, the predominant assumption is that the number of faulty SMs is less than the number 
of redundant SMs or within a hot redundancy configuration, while the extreme condition, in which 
the number of faulty SMs is larger than the redundant SMs, is seldom discussed. In these cases, SM 
capacitor voltages would be increased, within a safe margin, for continuous operation.

Based on the preliminary findings in [22], this paper considered the adverse effects of MMC 
asymmetry caused by SM fault on both dc and ac sides when mainstream balancing control methods 
are employed. The differential-mode voltage balancing control method reduces the fundamental 
component in the common-mode and dc-link currents of the MMC with significant passive component 
tolerances. However, its effectiveness is limited since it is not direct control but via minor ripple 
injection, and its control objective is to nullify the differential-mode capacitor voltage sums. Considering 
the random nature of the passive component tolerance distribution within one phase-leg of an 
MMC-based power conversion system, the proportional-resonant (PR)-based controller that operates 
at the fundamental frequency was studied to suppress any fundamental circulating component that 
may arise in the three-phase common-mode currents. Comparatively, control effects on both ac and 
dc side performances were investigated in this paper. This paper is organized as follows. Section 2 
provides a brief review of MMC operation fundamentals, and Section 3 discusses the issues that 
arise due to component tolerance and SM fault. Section 4 introduces the internal control methods 
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against internal imbalance. Section 5 verifies the effectiveness and assesses the performances of control 
methods. Finally, Section 6 summarizes this paper.

2. MMC Basic Operation

Figure 1 shows a three-phase half-bridge MMC, with Vdc and Idc representing dc bus voltage and 
current, respectively. Each phase-leg consists of upper and lower arms, and each arm comprises a reactor 
with nominal inductance LARM and N series-connected SMs. Each SM consists of a capacitor with 
nominal capacitance CSM and an IGBT-based half-bridge circuit. The term circulating current represents 
the ac component of the common-mode current, icm . The icm is mainly caused by cross-modulation 
of the upper and lower arms or, simply, the interaction of the arm voltages, currents, and switching 
functions. Strategies of the inner-arm SM voltage balancing and the second-order circulating current 
suppression have been widely discussed [2-5]. Figure 1 also shows a generic MMC connected into the 
ac grid through an interfacing transformer.

Figure 1. Modular multilevel converter (MMC) topology configuration.

Under the ideal condition, each MMC arm has an equivalent capacitance CARM, which can be 
calculated as:

CSM

N
(1)

As the arm equivalent capacitance is alternatively charging and discharging, the MMC internal 
power can be dynamically balanced as it transfers power between ac and dc sides.

Figure 2 visualizes the MMC power paths, which can be divided into ac and dc loops. The dc 
loop depicted in Figure 2 represents the conduction path through dc output to MMC phase-leg, 
in which the common-mode current of each phase follows, which consists of ac and dc components 
(icm = Id + ih, where Id and ih are dc and harmonic components of icm ). In a three-phase MMC, the dc 
components of the common-mode currents of the phase legs add to the dc-link currents that flow in 
the positive and negative dc poles at the upper/positive and lower/negative dc nodes. In this way, 
the MMCs exchange power with the dc side. The ac components of the common-mode currents of 
the MMC phase legs are predominantly second-order harmonics and add to zero at upper and lower 
dc-link nodes; they represent parasitic currents, which increase the MMC SM capacitance requirement 
for a given voltage ripple and semiconductor losses. In contrast, the depicted ac loop represents 
the conduction path through which each MMC phase-leg exchanges active power with ac side and 
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fundamental frequency ac current flows. The output phase current represents the differential-mode 
current; for example, for a phase A, ia = iau - ial, where ia, iau, and ial are output and upper and 
lower arm currents. In a balanced three-phase MMC, the fundamental frequency components of the 
currents add to zero at positive and negative dc nodes; while in an internally unbalanced MMC with 
asymmetrical ac and dc loops in the phase-legs, the asymmetries introduce zero and negative sequence 
fundamental frequency components in the common-mode currents of the phase-legs, which may leak 
into dc side and appear as fundamental frequency ripples in the dc current.

Figure 2. Diagram of MMC internal dynamics (phase A).

3. Internally Unbalanced MMC

The manufacturing process introduces significant inaccuracies and deviations in the values of 
passive components from the nominal. Therefore, instead of ideal and identical parameters, the practical 
MMC passive parameters can be assumed as a random distribution shown in Figure 1, with the 
inherent tolerances included. Commonly, circuit parameter tolerances are neglected to facilitate 
modeling, analysis, and controller design of complex energy conversion systems, such as the MMC. 
Nonetheless, it is essential to take countermeasures to neutralize any potential adverse implications of 
circuit parameter tolerances on MMC performance [10], for the following reasons:

1. Because of a large number of passive components, parameter uncertainties due to manufacturing 
tolerances are inevitable and vary with several factors, including lifetimes.

2. Although the SM capacitor voltage balancing controller or algorithm distributes the total dc 
voltage across each arm equally amongst the SM capacitors, the switching devices of each SM 
only withstand an SM capacitor voltage. However, asymmetry due to parameter tolerances or 
SM faults may cause unequal power contribution and voltage distribution between the MMC 
arms. Thus, the current and voltage stresses in the switching devices and heat distribution may 
differ between arms.

3. Besides, capacitance and inductance differences between arms may actuate unbalanced 
fundamental frequency common-mode currents, which tend to leak into the dc side and appear as 
an undesirable current ripple in the dc current [23]. This is mainly because of the inherent power 
balancing mechanism of the MMC operation: in order to keep ac-dc power balance, different 
capacitor charge/discharge rate is induced, leading to fundamental frequency current difference 
between upper and lower arms.

The imbalance between upper and lower arms of one phase-leg, created by SM faults on the 
MMC internal dynamics, can be explained with the aid of the ac and dc loop described earlier. It is 
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well-established from the literature that the incorporation of redundant SMs can protect active and 
passive components of SMs from damage due to excessive over-voltage. However, with the hot 
redundancy approach, which is extensively studied, the post-fault voltage stresses on the MMC 
switching device and SM capacitor may differ from the pre-fault condition [18]. When an SM fails, 
it will be bypassed, and MMC continues to operate as normal, following a brief period of transients. 
For the simplicity of the analysis, this paper assumed that all the N SMs in the MMC arms are in use, 
and NF SMs become faulty. Therefore, the equivalent arm capacitance is:

C, _ _CSM_
ARM = N - NF (2)

Hence, 10% of the total number of SMs in a particular arm have failed and bypassed, leading to an 
11% increase in the arm equivalent capacitance; hence, this scenario resembles an extreme case of passive 
component tolerances. Therefore, the consequences of SM faults are similar to that caused by passive 
components’ tolerances, in which SM fault appears as a vertical asymmetry between the upper and lower 
arms of the same phase-leg and horizontal asymmetries relative to the healthy phase-legs. The work 
in [23] has demonstrated that the horizontal asymmetries between the phase-legs have negligible effects 
on dc-loop dynamics during steady-state, even though the phase-legs equivalent capacitances store 
different energies. In contrast, the vertical asymmetry has several operational implications, specifically, 
contamination of common-mode current by circulating current at the fundamental frequency, which 
increases semiconductor losses and contributes to the inducement of fundamental frequency ripple on 
the dc side, and reduced exploitable modulation index range, which generates the differential-mode 
voltage in the ac output. Throughout this paper, the sum and difference of arm capacitor voltage 
sums are referred to as the common- and differential-mode capacitor voltage sums of each phase-leg, 
respectively. For example, the common- and differential-mode capacitor voltage sums for phase-leg 
AN N NN Nare y Vca = Li- Vc.au + Lt Vcai and AVca = Li- Vcau ~L>i- Vcal, respectively, where M. Vcau and , k , k c,a , k , k c,a k ,
KN Vc,ai are phase-leg A upper and lower arm capacitor voltage sums.

4. MMC Internal Dynamics Controllers

Figure 3 shows a generic depiction of the MMC control structure, which consists of internal 
dynamic and external system-level controllers, and modulator that generates the gating signals 
for the SMs. The internal dynamic controllers of the MMC operate at three levels, namely, SM, 
arm, and phase-leg. These controllers ensure adequate distribution of voltage stresses across the 
followings: SMs semiconductor switches and capacitors; upper and lower arms, to avoid narrowing of 
modulation index control range; phase-legs, to enable SM capacitor voltage regulation independent of 
the dc-link voltage and to prevent the development of ac and dc circuit currents between the phase-legs. 
In other words, the latter reduces interactions between MMC internal and external dynamics. The ac 
output (external) controllers include the following: positive and negative sequence separation stage; 
outer system-level controllers that regulate active power or dc voltage and reactive powers or ac voltage; 
inner positive and negative currents controllers that generate the principle modulation functions for 
the arms.

Figure 3. Diagram of MMC control structure.

11



Energies 2020, 13, 4089

Although theoretically, each MMC arm exchanges zero average power during one period, 
tolerances of the passive components lead to different levels of background energy stored in the SM 
capacitors, and presentation of different impedances by the MMC arms. Thus, the instantaneous 
power of the passive components deviates from their nominal values at the fundamental frequency. 
As voltage (or energy) of each arm is usually controlled by corresponding inter-arm balancing 
controllers, (also known as differential-mode capacitor voltage sum controller or vertical controllers), 
the power imbalance due to asymmetries of conduction paths will be compensated largely by injection 
fundamental frequency circulating currents into the common-mode loops. The asymmetries of energy 
levels and conduction path impendence lead to unequal contributions from the vertical balancing 
controllers of three phase-legs; hence, unequal fundamental currents in the common-mode loops. Recall 
that the vertical balancing controllers prioritize nullification of vertical voltage/energy asymmetry 
between the upper and lower arms over unintended consequences of injection odd-order harmonics 
into the common-mode currents [23]. Without a dedicated controller, a vertical asymmetry of any 
kind results in unbalanced fundamental common-mode currents in three phase-legs and thereby the 
development of fundamental frequency oscillations in the dc-link and increased semiconductor losses.

Two internal controllers to be assessed are:

4.1. Scheme-A

Conventionally, the common- and differential-mode capacitor voltage sums are controlled equally 
across all three-phase legs using the internal dynamic controllers shown in Figure 4. The regulation 
of average SM capacitor voltage (common-mode capacitor voltage sum) is achieved through the 
manipulation of common-mode current in conjunction with the common-mode capacitor voltage/energy 
sum controller (where Xy=1 Vcj and Ey=1 Ecj represent the common-mode capacitor voltage and energy 
sums per phase-leg, respectively). To eliminate the steady-state dc mean value error and suppress 
the 2w circulating current, a PIR (proportional integral and resonant) controller with a resonant 
frequency at 2w is adopted. This controller decouples SM capacitor voltage from the input dc-link 
voltage, hence the synthesis of the ac voltage from the dc-link voltage. A differential-mode capacitor 
voltage (or energy) sum control regulates arm active power using fundamental common-mode current 
injection, with another resonant frequency w component. Since the performances of energy-based 
internal dynamic control methods deteriorate as the stored energies in the arms vary rapidly with SM 
capacitance tolerances [22], the voltage-based balancing method shown in Figure 4 was adopted in this 
paper. From this point, it is referred to as control scheme A. From the ac side point of view, this method 
is able to maximize the use of full modulation index control range for the synthesis of the arm and ac 
output voltages, as determined by the minimum arm capacitor voltage sum. However, the by-product 
of this method is slightly higher fundamental current ripples in the dc loops and in the dc-link current.

Figure 4. Diagram of the common- and differential-mode capacitor voltage sum controller (Scheme-A) [23].

4.2. Scheme-B

Since SM faults in one or multiple arms of the MMC lead to vertical and horizontal capacitance 
asymmetries, with the former cases, fundamental frequency ripples to appear in the common-mode 
currents, and a direct fundamental current ripple suppressing method (referred to as Scheme-B) 
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displayed in Figure 5 is proposed. Instead of targeting differential-mode capacitor voltage sums, 
the Scheme-B suppresses the fundamental frequency ripple in the common-mode current directly. 
This method uses an additional fundamental frequency PR controller to cancel the fundamental 
components in common-mode currents, thereby suppressing the dc-link current ripple, which is 
predominantly of fundamental frequency in the internally asymmetric MMC. However, the potential 
disadvantage of the proposed direct suppression of fundamental circulating current method is that 
the modulation-index control range might be reduced. In this method, the MMC arm with a smaller 
capacitor voltage sum would limit the ac voltage synthesis. Therefore, a dedicated design margin 
is needed to enable full exploitation of the modulation index control range in practical MMC under 
all operating conditions. Figure 6 illustrates potential impact of unequal or imbalance upper and 
lower capacitor voltage sums in the same phase-leg on modulation index control range (synthesis of 
the maximum arm or output ac voltage), assuming the SM capacitor of voltage sum of each arm is 
regulated at least at Vdc0, where Vdc0 represents the nominal dc-link voltage. Notice that under the 
ideal case of internally balanced MMC, when the upper and lower arm voltages are limited by the 
nominal input dc-link voltage Vd0, the maximum peak output phase ac voltage is 2 Vdco for sinusoidal 
references and can rise to 0.577 Vdc0 (Vdc0/ V3) with 3rd harmonic injection. Notice that when upper 
and lower arms of a phase-leg suffer from unequal SM capacitor voltage sums, the arm with the least 
capacitor voltage sum defines the maximum safe limits for the synthesis of the output ac voltage. 
Should the arm with the largest capacitor voltage sum successfully synthesizes the requested voltage 
set by its modulation function, and the arm with the least capacitor voltage sum fails to synthesize 
the target voltage, the common-mode voltage that the phase-leg presents at the dc side may contain 
fundamental component besides the dc voltage. These may further exacerbate fundamental frequency 
ripples in the dc current. Besides, the imbalance in the SMs capacitor voltage sums, particularly, 
between the upper and lower arms, may appear as an imbalance in the differential-mode voltages 
of the phase-legs, which resemble three-phase output voltages. In Figure 6, varm,u0 and varm,l0 denote 
the upper and lower arm voltages in the ideal case, corresponding to balanced upper and lower SMs 
capacitor voltage sums; varm,u and varm,l stand for the upper and lower arm voltages under unequal 
upper and lower SMs capacitor voltage sums, in which the upper arm has the least SMs capacitor 
voltage sum and limits the maximum attainable ac voltage.

Figure 5. Diagram of internal control structure against inter-arm parametric imbalance (Scheme-B) [23].

Figure 6. Arbitrary arm voltage of the MMC that suffers from unequal capacitor voltage sums in the 
upper and lower arms of the same phase-leg.
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In summary, since trade-offs exist, it is important to conclusively establish and quantitatively 
evaluate the performance of the above methods, under SM faults or tolerances conditions. The two 
trade-off cases are:

1. Prioritization of balanced capacitor voltage sums of the arms over the suppression of fundamental 
frequency current into the dc loops of three phase-legs;

2. Prioritization of suppressing fundamental frequency currents in the dc loop over active balancing 
of the capacitor voltage sums of the upper and lower arms.

5. Simulations

This section presents detailed MATLAB-based simulations that assess the MMC performance 
during SM faults for two different implementations of internal dynamic controllers described earlier, 
i.e., control schemes A and B, considering two distinct operating points. The simulated MMC models 
include the following external controllers: active and reactive powers; positive and negative sequence 
currents. Two control methods for internal dynamics considered in this section are:

1. Scheme-A consists of common- and differential-mode capacitor voltage sum balancing controllers,
which include a circulating current suppression controller.

2. Scheme-B consists of common-mode capacitor voltage sum control in conjunction with the 
proposed direct fundamental circulating current suppression. Circulating current suppression 
controller is also included.

Sorting-based SM level voltage balancing method is adopted, and modulators based on 
level-shifted pulse width modulation and phase disposition carriers are used to generate the gating 
signals for the SMs.

5.1. Impact of SM Faults on MMC Operation for Different Control Schemes

This subsection presents time-domain simulations that illustrate the behaviors of the 20-cell MMC 
in Figure 7 under SM faults. The parameters of the simulated MMC are listed in Table 1. In this study, 
two faulted SMs represented 10% of the total SMs per arm, and the SM fault was applied at the upper 
arm of phase-leg A at 0.4 s, and the two faulty SMs were bypassed.

Figure 7. Simplified single line diagram of the 40 kV, 40 MVA, and 20-cell MMC connected to ac grid.
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Table 1. Simulation Parameters.

System Parameters Value
DC voltage Vdc 40 kV
Rated power S 40 MVA
AC grid line to line voltage vac2 33 kV
AC grid frequency F 50 Hz
Transformer ratio vac1 /vac2 20 kV/33 kV
Transformer leakage-inductance LT 0.2 pu
Numbers of SMs per arm N 20
Expected arm inductance value L 0.18 pu
Expected SM capacitance value C 6.7 mF
DC cable length Dcable 10 km
DC cable resistance per km Rcable 10 mQ/km
DC cable inductance per km Lcable 1.4 mH/km
DC cable capacitance per km Ccable 0.1 iil/km

Figures 8 and 9 show simulation waveforms for the control schemes A and B, respectively. 
These results are obtained when the MMC injects a 1.0 pu (40 MW) active power into the ac grid and 
regulates reactive power at zero. In contrast, Figures 10 and 11 display simulation waveforms when 
the MMC injects 0.6 pu (24 MVAr) capacitive reactive power and zero active power into the ac grid, 
with control schemes A and B, respectively. The 0.6 pu (24 MVAr) represents the maximum capacitive 
reactive power, which the simulated MMC can inject into the ac grid.

Figure 8. Simulation waveforms of the MMC under submodule (SM) fault and control scheme-A 
operates in active power mode: (a) dc current, (b) ac current, (c) leg A upper and lower arm voltages 
superimposed on its common-mode voltage, (d) leg A upper and lower arm currents, (e) leg A upper 
and lower capacitor voltage sums, (f) common-mode capacitor voltage sums of three phase-legs, 
(g) differential-mode capacitor voltage sums of three phase-legs, and (h) leg A upper arm SM voltages.
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Time [s] Time [s]

Figure 9. Simulation waveforms of the MMC under SM fault and control scheme-B operates in active 
power mode: (a) dc current, (b) ac current, (c) leg A upper and lower arm voltages superimposed on its 
common-mode voltage, (d) leg A upper and lower arm currents, (e) leg A upper and lower capacitor 
voltage sums, (f) common-mode capacitor voltage sums of three phase-legs, (g) differential-mode 
capacitor voltage sums of three phase-legs, and (h) leg A upper arm SM voltages.

Figure 10. Simulation waveforms of the MMC under SM fault and control scheme-A operates in reactive 
power mode: (a) dc current, (b) ac current, (c) leg A upper and lower arm voltages superimposed on its 
common-mode voltage, (d) leg A upper and lower arm currents, (e) leg A upper and lower capacitor 
voltage sums, (f) common-mode capacitor voltage sums of three phase-legs, (g) differential-mode 
capacitor voltage sums of three phase-legs, and (h) leg A upper arm SM voltages.
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Figure 11. Simulation waveforms of the MMC under SM fault and control scheme-B operates in reactive 
power mode: (a) dc current, (b) ac current, (c) leg A upper and lower arm voltages superimposed on its 
common-mode voltage, (d) leg A upper and lower arm currents, (e) leg A upper and lower capacitor 
voltage sums, (f) common-mode capacitor voltage sums of three phase-legs, (g) differential-mode 
capacitor voltage sums of three phase-legs, and (h) leg A upper arm SM voltages.

The observations drawn from results of Scheme-A presented in Figure 8 can be summarized 
as follows:

1. When the SM fault occurs in the upper arm of leg-A at 0.4 s, the upper arm capacitor voltage 
sum decreases briefly and quickly recovers by sinking extra dc current, largely, due to the actions 
of differential-mode capacitor voltage sum or arm voltage balancing controllers of Scheme-A. 
During the transient period, the upper and lower arm voltages of the faulty phase exhibit brief 
disturbances, while the three-phase ac output currents remain unaffected, see Figure 8a-e.

2. Following the SM fault, the common-mode capacitor voltage sums of three legs return to their 
pre-fault set-points, with the deviations emerged in both common- and differential-mode capacitor 
voltage sums of the three phase-legs (including the faulty phase-leg A) at 0.4 s that are quickly 
eliminated, see Figure 8f,g. These results demonstrate the importance of inter-arm vertical 
controllers implemented in Scheme-A.

3. The plots in Figure 8h show that the healthy SM capacitor voltages of the faulty arm (upper arm 
of phase-leg A) increase due to a reduced number of active SMs that could contribute to the 
target capacitor voltage sums enforced by collective actions of common- and differential-mode 
controllers of Scheme-A. After bypass of the faulty SMs, their capacitor voltages do not exhibit any 
fluctuations associated with fundamental and remnant of 2nd harmonic currents as anticipated.

Simulation waveforms of the 20-cell MMC in Figure 7, with the Scheme-B, are presented in 
Figure 9. The observations drawn from the results in Figure 9 are as follows:

1. MMC with the use of Scheme-B exhibits slightly different behavior from that with the control 
scheme A. The dc-link current displayed in Figure 9a exhibits smaller increase, and SM capacitor 
voltage sum of the faulty leg (an upper arm of phase-leg A) exhibits slightly small under-shoot 
and over-shoot compared to those with Scheme-A. The smaller increase in the dc current with 
control scheme B can be attributed to the absence of vertical controllers, which actively inject 
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additional active powers and fundamental currents into the common-mode loops in order to 
enforce equalization of the arm capacitor voltage sums.

2. The Scheme-B makes the MMC less sensitive to SM faults and remains capable of synthesizing 
the output ac voltages that the ac grid imposes at its ac terminals, with three-phase ac output 
currents remain unaffected, see Figure 9a,e.

3. The common-mode capacitor voltage sums of the three phase-legs remain tightly controlled 
and less affected throughout as the control scheme B only enforces equal dc voltages across the 
MMC phase-legs, with the SM level capacitor voltage controller ensuring the imposed dc voltage 
across the phase-legs being equally distributed across the SM capacitors. These are achieved 
without paying any attention to the symmetry of upper and lower arm capacitor voltage sums, 
see Figure 9f,g.

4. The healthy SMs have slightly lower capacitor voltages with Scheme-B than that of Scheme-A 
due to lower dc voltage across the faulty arm in post-fault condition, as demonstrated by the clear 
drift the differential-mode voltage displayed in Figure 9g. As in the previous case, the capacitor 
voltages of the faulty SMs become flat under the post-fault condition.

In addition, the results of fast Fourier transform (FFT) analysis presented in the appendix for 
the MMC in Appendix A, when it is controlled using the control schemes A and B, respectively, 
show that the amplitudes of the fundamental frequency component in dc-link current are 11.3 A 
and 4.1 A, respectively. These results confirm the effectiveness of the Scheme-B in dealing with 
fundamental frequency ripples in the dc loop (common-mode and dc-link currents) compared to that 
of the Scheme-A.

The observations, drawn from Figures 10 and 11 when control schemes A and B are used to 
control the 20-cell MMC in Figure 7, are as follows:

Figures 10a and 11a show that the MMC dc current for the two control schemes is zero, as anticipated 
during pure reactive power exchange. In line with previous cases, these results show that the dc 
current of Scheme-A exhibits a brief period of larger temporary over-current due to actions of arm 
balancing controllers, which force the dc voltages across all arms to be equal.

Figures 10b-d and 11b-d display the three-phase output currents and phase-leg A upper and 
lower arm voltages superimposed on the common-mode capacitor voltage sum of phase A. Notice that 
reactive power output reaches the limit as the arm voltage synthesized nearly touches the limits in 
both cases.

Although the common-mode capacitor voltage sums of the schemes A and B exhibit similar 
behaviors, the capacitor voltage sums of the upper and lower arms of the faulty phase-leg exhibit 
slightly different behaviors, see Figure 10e,f and Figure 11e,f. Besides, the differential-mode capacitor 
voltage sums in Figures 10g and 11g present different convergence patterns, as Scheme-A controls the 
differential-mode capacitor voltage sum actively.

5.2. Parametric Studies of Asymmetric MMC Operation

To further generalize the findings of the above detailed quantitative studies on asymmetries 
introduced by the MMC SM faults, additional parametric studies are conducted on a 50-cell MMC 
using control schemes A and B. The test system parameters are listed in Table 2. To reproduce more 
representative MMC asymmetries that may arise from SM faults or severe deviations in the values of 
passive parameters from their nominal values, the SM capacitance (Cu and Cl) and arm inductance 
(Lu and Ll) of the upper and lower arms are varied within ±10% of their nominal values, C0 and L0 
(i.e., 0.9Co < Cu i < 1.1 Co and 0.9Lo < Lui < 1.1 Lo). In the parametric studies, the 50-cell MMC in 
Figure 12 injects 100 MW into the ac grid at a unity power factor.
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Table 2. Simulation Parameters.

System parameters Value

DC voltage Vdc 100 kV
Rated power S 100 MVA
AC grid line to line voltage vac2 66 kV
AC grid frequency F 50 Hz
Transformer ratio vac1 /vac2 50 kV/66 kV
Transformer leakage-inductance LT 0.2 pu
Numbers of SMs per arm N 50
Expected arm inductance value L 0.18 pu
Expected SM capacitance value C 6.7 mF

Figure 12. Test system employed in parametric studies with a 50-cell MMC, in which 5 faulty SMs 
represent 10% of the total number of SMs per arm.

Figures 13 and 14 present side-by-side comparisons of the normalized fundamental frequency 
ripple in the dc current by its average and maximum achievable modulation range versus average 
asymmetries in the SM capacitances and inductances between the upper and lower arms of the same 
phase-leg, for control schemes A and B. The observations drawn from these parametric studies are:

1. Figure 13a,b show that the highest fundamental frequency ripple in the dc current is observed 
when the upper and lower arms of the same phase-leg simultaneously present a higher mismatch 
in both SM capacitance and arm inductance, i.e., at extrema of (TC and TL) = (-10% and -10%) 
and (+10% and +10%). In contrast, the lowest fundamental current ripples are observed when 
TC and TL are (0 and 0), (+10% and -10%), and (-10% and +10%), entailing the polarities of SM 
capacitance, and arm inductance tolerances affect the magnitude of the fundamental current 
ripple on dc-side current. Notice that these observations are applied to both control schemes.

2. Quantitatively, comparative parametric studies shown in Figure 13a,b confirm that the Scheme-B, 
which prioritizes suppression of fundamental frequency ripple in the common-mode currents, 
exhibits a lower residual ripple in the dc current compared to Scheme-A that prioritizes strict 
management of voltage stress within the converter over dc side waveform quality.

3. Figure 14a,b display the variations of maximum attainable modulation index in faulty leg-A, 
with control schemes A and B. The active arm balancing control of scheme A helps to preserve the 
maximum achievable modulation index range during severe SM capacitance and arm inductance 
asymmetries. In contrast, with Scheme-B, the MMC modulation index range experiences small 
reduction as the levels of passive parameter mismatch increase. The worst-case reduction 
observed in the modulation index range is about 1.5%, which corresponds to a small reduction in 
MMC ac voltage synthesis and reactive power generation capabilities.

4. The Scheme-A ensures a dc offset free in ac output voltage independent of the severity of MMC 
internal asymmetries at the expense of compromised dc current quality. While Scheme-B increases 
the risk of dc injection into the ac grid, particularly, when the arms with minimum capacitor 
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voltage sums are no longer sufficient to synthesize the required ac voltage to exchange the desired 
active and reactive powers. These observations are in line with the discussions above.

Figure 13. Variation of fundamental frequency dc-link current ripple magnitude (pu) with SM 
capacitance tolerances TC and arm inductor tolerances TL :(a) Scheme-A and (b) Scheme-B.

Figure 14. Variation of fundamental frequency dc-link current ripple magnitude (pu) with SM 
capacitance tolerances TC and arm inductor tolerances TL :(a) Scheme-A, and (b) Scheme-B.

It is worth emphasizing that the 20-cell MMC in previous studies is a good representation of the 
scenario with low SMs numbers per arm. In such a scenario, the loss of 10% of total SMs per arm 
in absolute term, namely, two SMs, is of practical significance, particularly from the following point 
of views: (1) Increased duties on remaining and healthy SMs (frequency of insertion and bypass of 
SM capacitors). (2) Increased sampling errors in the synthesis of the dc, arm, and output ac voltages. 
(3) Average switching frequency per device. (4) Increased likelihood of occurrence in a practical system. 
On the other hand, the 50-cell MMC is a relatively good representation for upper MV applications, 
in which the likelihood of loss of 10% of the total number of SMs per arm is much lower but remains 
possible with less impact on the quality of the ac and dc side waveforms and duties on SM capacitors.

6. Experimental Verifications

Since SM faults make the MMCs present unequal equivalent capacitances per arm and per 
phase-leg bases, this section emulates the steady-state impacts of SM faults through the deliberate 
use of unequal cell capacitances and arm inductances on experimental test rig of a single-phase 
grid-connected MMC with three cells per arm, see Figure 15. The MMC test rig is equipped with the 
following controllers: 1) active and reactive power controller, which sets P = 2kW and Q = 0, 2) inner 
current controller, circulating current suppression controller, 3) horizontal/common-mode capacitor 
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voltage sum, 4) level-shifted pulse width modulation with 1 kHz carrier frequency and sorting-based 
capacitor voltage balancing.

Figure 15. Experimental test of a 3-cell HB-MMC.

Figures 16 and 17 display experimental results when control schemes A and B are employed. 
Figure 16a,b and Figure 17a,b present upper and lower arm capacitor voltage sums and upper and lower 
arm currents for the control schemes A and B, respectively. Although both methods appear to work 
well, it is worth noticing that the Scheme-B exhibits slightly lower ripples in the common-mode current. 
In line with simulations, the FFT shows that the Scheme-B exhibits slightly lower contamination of 
the common-mode current by the fundamental frequency component compared to that of the control 
method A. Despite the few SM numbers of the experimental test rig, the presented experimental results 
point toward the same conclusions as simulation cases discussed earlier.

Figure 16. Experimental waveforms of the 3-cell MMC that employs internal Scheme-A: (a) upper and 
lower capacitor voltage sums, (b) upper and lower arm currents, and (c) common-mode current with 
the measured fundamental frequency content of 6.6%.
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Figure 17. Experimental waveforms of the 3-cell MMC that employs internal Scheme-B: (a) upper and 
lower capacitor voltage sums, (b) upper and lower arm currents, and (c) common-mode current with 
the measured fundamental frequency content of 5.4%.

7. Conclusions

This paper has investigated the impacts of MMC internal asymmetries due to SM faults or severe 
deviations of the SM capacitance or arm inductance values from their nominal values, particularly, 
on the following aspects: control range, power quality in ac and dc sides, and distribution of 
voltage stresses across the SM capacitors and semiconductor switches. Moreover, the paper has 
presented a direct method for fundamental frequency ripple suppression from the dc link, and its 
performance is compared to a well-performing conventional controller for managing MMC internal 
dynamics. The investigation has found that the control for actively balancing arm capacitor voltage 
sums (Scheme-A) is better than the direct fundamental ripple suppression method (Scheme-B) from 
the ac side viewpoint, but it pollutes dc current with a fundamental frequency ripple. In contrast, 
the Scheme-B is better than its counterpart A, from the dc side viewpoint; nevertheless, it increases the 
risk of dc injection into the ac grid and reduction of ac control range.
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Appendix A

Zoomed waveforms of the dc currents displayed in Figures 8a and 9a and their FFT analyses are 
shown in Figures A1 and A2, respectively, to further consolidate the previous claims.

Figure A1. Additional simulation waveforms. (a) Zoomed version of dc-link current displayed in 
Figure 8a, (b) FFT spectrum.

Figure A2. Additional simulation waveforms. (a) Zoomed version of dc-link current displayed in 
Figure 9a, (b) FFT spectrum.
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Abstract: This article presents the Reliability Assessment (RA) of renewable energy interfaced 
Electrical Distribution System (EDS) considering the electrical loss minimization (ELM). ELM aims at 
minimizing the detrimental effect of real power and reactive power losses in the EDS. 
Some techniques, including integration of Renewable Energy Source (RES), network reconfiguration, 
and expansion planning, have been suggested in the literature for achieving ELM. The optimal 
RES integration (also referred to as Distributed Generation (DG)) is one of the globally accepted 
techniques to achieve minimization of electrical losses. Therefore, first, the locations to accommodate 
these DGs are obtained by implementing two indexes, namely Index-1 for single DG and Index-2 for 
multiple DGs. Second, a Constriction Factor-based Particle Swarm Optimization (CF-PSO) technique 
is applied to obtain an optimal sizing(s) of the DGs for achieving the ELM. Third, the RA of the EDS 
is performed using the optimal location(s) and sizing(s) of the RESs (i.e., Solar photovoltaic (SPV) 
and Wind Turbine Generator (WTG)). Moreover, a Battery Storage System (BSS) is also incorporated 
optimally with the RESs to further achieve the ELM and to improve the system’s reliability. The result 
analysis is performed by considering the power output rating of WTG-GE’s V162-5.6MW (IECS), 
SPV-Sunpower’s SPR-P5-545-UPP, and BSS-Freqcon’s BESS-3000 (i.e., Battery Energy Storage System 
3000), which are provided by the corresponding manufacturers. According to the outcomes of 
the study, the results are found to be coherent with those obtained using other techniques that 
are available in the literature. These results are considered for the RA of the EDS. RA is further 
analyzed considering the uncertainties in reliability data of WTG and SPV, including the failure rate 
and the repair time. The RA of optimally placed DGs is performed by considering the electrical 
loss minimization. It is inferred that the reliability of the EDS improves by contemplating suitable 
reliability data of optimally integrated DGs.

Keywords: battery storage system; distributed generation; electrical loss minimization; 
particle swarm optimization; reliability analysis; solar photovoltaic, wind turbine generator

Energies 2020, 13, 5631; doi:10.3390/10.3390/en13215631 www.mdpi.com/journal/energies

25

mailto:sachinkumar.rs.eee18@itbhu.ac.in
mailto:kumarisarita.rs.eee19@itbhu.ac.in
mailto:rksaket.eee@iitbhu.ac.in
mailto:aakankshasingh843@gmail.com
mailto:rajvikram787@gmail.com
mailto:n.das@cqu.edu.au
http://www.mdpi.com/journal/energies


Energies 2020, 13, 5631

1. Introduction

1.1. Literature Survey

The incorporation of distributed power sources in the EDS can support the increasing 
load demands. To satisfy the increasing load demands, an extremely thorough comparison and 
assessment has been performed on exploring the potentiality of the distributed energy sources, 
including the wind and solar energies [1,2]. The EDS is the combination of electrical loads and 
Distributed Generation (DG) (especially, WTG and SPV) integrated with electrical storage system 
(namely BSS) [3]. In this regard, several comprehensive studies are available on sustainable energy 
production and management. The state policies, renewable energy plants, and the development 
of renewable energy sources including solar energy, wind energy, small hydroelectric energy, 
biomass energy, tidal energy, and geothermal energy have been analyzed for different states 
of India [4-6]. As the energy crisis deepens day by day, the EDS accompanied by RESs is a better 
solution and also it acts as a complement to the central power grid system [7]. Therefore, a study 
on renewable energy potential has been performed for five countries, namely China, Iceland, India, 
Sweden, and the United States of America. The strengths, weaknesses, opportunities, and threats 
related to green energy generation and use have been reviewed for these countries using a SWOT 
analysis [8,9]. Sometimes an arrangement including the battery storage is needed due to high 
penetration of renewable resources into an electrical network to fulfill the load demands [10,11]. 
Thus, integration of BSS in the distribution system prevails as a better solution for obtaining a 
steady power output, especially from WTG and SPV owing to the uncertainties involved in the 
energy harvesting sources such as wind speed [1], solar irradiation, and ambient temperature [12]. 
Therefore, it is a requisite to determine the siting(s) and sizing(s) of WTG, SPV, and BSS. The system 
reliability, stability, and power quality are thus, improved substantially. Therefore, to obtain 
improvements in system’s attributes, the multi-objective optimization methods for problems including 
operational cost, siting and sizing of distributed energy resources (DERs), Carbon Dioxide (CO2) 
emission, total power loss, voltage deviation, demand-side management, charging-discharging of BSS, 
total harmonic distortion, and system reliability are also established [13-17].

Improvement in network reliability is observed when congestion management algorithms are 
implemented to identify the transmission line congestion [18]. The DGs and BSSs are scheduled 
optimally to alleviate this transmission line congestion. A two-step optimization approach is used for 
solving the congestion problem [19]. In this optimization method, the optimum location and the size 
of the SPV array are observed, and then the BSS size with location is determined for accomplishing 
further reduction in electrical losses and voltage deviation. The authors in [20] have proposed 
an index to obtain the optimal siting of DGs in EDS. This index is implemented to resolve the 
multiple problems, including total ELM, ENS, and voltage deviation. Another objective, namely 
loss of yearly energy minimization, is observed through the integration of DERs-based DGs and 
network reconfiguration [21]. Furthermore, a novel two-stage stochastic programming is proposed, 
and the uncertainty considerations together with the load variation are also studied especially for 
wind energy and solar power generation [22]. In this method, the total cost is reduced by incorporating 
BSS into the EDS and by considering the demand response programs in planning. Simultaneously, 
the enhancement of the power system reliability is achieved due to the obtained optimal BSS size 
and location. The reliability improvement and reduction in network losses are also observed using 
compound co-optimization strategic plan [23]. The reliability indices such as expected ENS, EIR, LOLE, 
and LOLP, are defined in the co-optimization strategy. Furthermore, a moth-flame optimization [24], 
Olympic games ranking process [25], firefly algorithm [26], lightning search algorithm [27], crow search 
optimization [28], and an improved variant PSO [29] techniques have been implemented and discussed 
in the literature so as to obtain the optimal site, optimal size, optimal parameters of DGs, and ELM.

The RA provides a better evaluation of any power system’s performance [30]. For assessing the 
power system’s reliability, some indices have been mentioned in the available literature. These indices 
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are categorized into load-based and system-based indices. The indices values decrease if the ageing of 
the sub-components is considered [31]. Reliability is considered to be a primary requirement in the 
designing phase of EDS. Thus, the optimal siting and optimal sizing of RESs for further RA have also 
been considered. To fulfill the RA in EDS [15], has introduced a restoration strategy for ENS calculation. 
The optimization of reliability indices has been considered in [20,23], and the improvement in the 
system’s reliability is observed.

1.2. Motivation

The complexity of the electrical power system relies in its ability to tackle the unexpected 
load variations. These load variations are managed by the electrical distribution system (EDS) for 
continuous electrical power supply to the loads. This system is categorized into radial and loop 
structured distribution systems. The use of radial DS (RDS) is preferred in this study as it is simple, 
cheap, and mostly applicable to sparsely distributed loads. Furthermore, to meet the rapid growth 
in demand as well as to promote sustainability, integration of renewable energy source (RES) in 
the distribution system is desideratum. The RESs, including Wind Turbine Generator (WTG) and 
Solar photovoltaic (SPV), provide minimal electrical losses, improves system bus voltages, possesses 
less operation costs, and more significantly, it emits less CO2 emissions. Thus, the optimization of 
these parameters would ultimately improves the reliability of the EDS. Reliability in an electrical 
power system is defined as the ability to provide adequate, stable, and reliable power for a particular 
distribution system. Therefore, the study on Reliability Assessment (RA) and performance analysis of 
RDS considering the optimal RES siting and sizing is crucial. It is also observed that the integration of 
renewable sources in EDS has considerable impacts on systems’ operation and planning strategy [32]. 
Some issues co-related to RES integration are explained as follows.

• Electrical loss minimization using system reconfiguration [13].
• Electrical loss minimization [33,34],
• Reduction in investment during system capacity enhancement [35],
• Improvement in bus voltage [36],
• Mitigation of greenhouse gases [37],
• Improvement in voltage stability [38],
• Improvement in system’s reliability by considering the reliability indices [39-41],
• Enhancement in system security [42],
• Facilitate system restoration [43],
• Reduction in harmonic distortion [44],
• Optimal load management strategy [45].

The mentioned issues have been analyzed individually that is without considering the effect on 
another issue(s). The concept of analyzing the effect of the mentioned issues motivates the authors 
for carrying out this research work. In the view of strong motivation, this work is concentrated on 
the reliability assessment of IEEE 33 bus distribution system by considering the effect of electrical loss 
minimization through optimal siting and sizing of distributed generation system.

1.3. Contribution

The available literature focus on optimal siting and sizing of DGs obtaining a better power 
system performance. Also, the DG integration of SPV, WTG, and BSS in the distribution system has not 
been discussed as of authors knowledge. The system RA is discussed individually without analyzing 
the impact of optimal DG integration. Thus, the two indexes have been implemented for obtaining the 
optimal location(s) of DG(s) in the selected EDS. Then, a Constriction Factor (CF)-based PSO technique 
for optimal sizing(s) of DG(s) is presented. Simultaneously, all the parameters considered in this 
study (as given in Table 1) are not discussed in the existing literature and thus, this work provides 
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completeness in contribution. According to the outcomes of the study, the results are found coherent 
with those obtained using other techniques that are available in the literature. However, the results 
can be claimed to be even better since the proposed approach considers all the parameters given in 
Table 1, including the ELM and the reliability aspects. The comparative analysis for a reduction in 
electrical power loss and voltage deviation is performed by integrating the WTG, SPV, and BSS in 
IEEE 33 bus EDS. The results obtained are compared with the results in the literature, as described in 
Table 2. After obtaining the reduced power loss and improved bus voltages, the reliability assessment 
is accomplished. The performance analysis is done for the selected distribution system and then the 
system’s RA is carried out with and without the integration of DGs.

Table 1. Published work.

No. of Bus Parameters Considered
ReferenceSize Location Voltage Loss Reliability Power Factor DG

34, 69 J J J PV/WTG [33]
33, 69, 119 s Y PV/WTG [34]

12 DGen [38]
33, 69 PV [44]

13 PV/BSS [19]
33, 118 Y PV/WTG [21]

38 PV/WTG [27]
33, 69 s J J PV/ESS [28]
38, 69 s GT/WTG [46]
69, 118 s J DGen/Cap [47]

33 s J PV/WTG [48]
33 J SPV/WTG/BSS Present Work

Table 2. Work related to IEEE 33 bus with multiple DGs.

Method # of DG DG Position Total DG Size (MW) Loss (MW) Reference
1(SPV) 8 1.6333 0.113

MOGA 2(SPV)
1(WTG)

14, 30 
8

0.8337, 0.99851
1.85

0.08435
0.08556 [34]

2(WTG) 14, 30 1.1, 0.75 0.04791
GA 3(SPV) 14, 24, 28 0.6947, 1.1844, 1.4628 0.0756

ABC 3(SPV) 9, 24, 32 1.1372, 1.0674, 0.8031 0.0752 [44]PSO 3(SPV) 9, 24, 30 1.0625, 1.0447, 0.9518 0.0744
BBO 3(SPV) 14, 24, 30 0.7539, 1.0994, 1.0714 0.0715
CSO 5(BSS) 1,4, 11, 12, 18 0.15, 0.4117, 0.6705, 0.1, 8.9055 0.02379 [28]

1(SPV) 6 2 0.0908
DMA 18 1 0.1175 [48]

1(WTG) 33 1.65 0.1068

Though the research on DG siting and sizing is abundant in the literature, the RA in the EDS still 
prevails as an emerging area of research. Thus, the work mainly focuses on the reliability assessment 
of an IEEE 33 bus system is carried out in the view of loss minimization technique of WTG, SPV, 
and BSS integration. For the accomplishment of the mentioned tasks, the research work is performed 
according to the framed flowchart as shown in Figure 1. Furthermore, the following contributions are 
highlighted in this work.
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Figure 1. Workflow of the research work.

• The optimal locations for SPV, WTG, and BSS is obtained by considering Index-1 and Index-2.
• Optimal sizes of SPV, WTG, and BSS are derived by employing CF-PSO technique.
• Distribution system performance, including minimization of I2R loss and minimization of 

deviation in bus voltages, is analyzed with and without DGs.
• Comparison of CF-PSO technique with other nature-inspired optimization techniques for 

achieving a sound reliability assessment.
• A brief study is done on the inclusion of uncertainties in WTG and SPV reliability data such as 

failure rate (Xp) and time to repair (RT).
• Reliability assessment is done by evaluating the five indices namely EENS, AENS, SAIDI, SAIFI, 

and ASAI for Case 1, Case 2, and Case 3; where Case 1 is for integrating WTG only, Case 2 is for 
WTG+SPV, and Case 3isfor WTG+SPV+BSS (adding BSS optimally).

The work is further continued to accomplish the mentioned contributions as follows. The problem 
statement, objective function, and methodologies implemented, including Index-1, Index-2, 
and CF-based PSO techniques are delineated in Section 2. The basics of EDS reliability assessment is 
formulated and explained in Section 3. In Section 4, an overview of SPV, WTG, and BSS is explained 
using mathematical expressions. Furthermore, the results of several cases and scenarios are elucidated 
with supporting graphical depictions and tables in Section 5. Finally, the conclusions with future 
scopes are drawn in Section 6. The Appendix A of some important data and figure is provided at the 
end of the work.

1.4. Parameters Considered for the Study

The parameters considered for the study are described as follows.

• DG siting and DG sizing: The determination of bus voltages and the flow of powers is done by 
an Optimal Power Flow (OPF) method. The optimal siting of DGs is required for ELM during 
this power flow results. The performance of the power network is affected by an inappropriate 
location of DG. The IEEE 1547 standards for integration and operation of DG into EDSs are 
presented in [49].
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Power loss: The occurrence of Active Power Loss (APL) is greater than Reactive Power Loss (RPL) 
in EDS. Hence, distribution companies should reduce these losses and this can be accomplished 
by means of reconfiguration of feeder, capacitor allocation, high voltage distribution system, 
grading of the conductor, DG placement, and many other methods.
Bus voltage: It is expected to maintain bus voltages nearly 1 pu with an angle of 00. The power 
loss occurring in EDS during OPF creates a voltage drop at each bus of the system. Therefore, 
the DG integration technique is implemented for voltage profile (VP) improvement.
DG type: The three DGs have been considered, which are categorized as WTG, SPV, and BSS. 
The classification of the several DG technologies is based on the generation of active power ‘P’ 
and reactive power ‘Q’, as illustrated in Figure 2.
Reliability: The reliability indices considered for the distribution system reliability are as follows.

Expected Energy Not Supplied (EENS); MWh per year
Average Energy Not Supplied (AENS); MWh per customer per year
System Average Interruption Duration Index (SAIDI); hour per customer per year
System Average Interruption Frequency Index (SAIFI); failure per customer per year
Average System Availability Index (ASAI); pu

The calculations of these five indices are performed using Equations (A1)-(A7) of the 
Appendix A.2. The reliability indices considered in this work can be used in obtaining other indices, 
including IEAR, CAIDI and ASUI, as illustrated in Equations (42), (45) and (46c).

DG Models

DG: Distributed Generation
PMSM: Permanent Magnet Synchronous Machine
DFIM: Doubly-Fed Induction Machine
SCIM: Squirrel Cage Induction Machine
jrT: Micro Turbine
SPY: Solar Photovoltaic
FC: Fuel Cell
WTG: Wind Turbine Generator
IC: Internal Combustion
GT: Gas Turbine

Figure 2. Models of several DG technologies.

2. Problem Formulation, Objective Function (OF), and Methodology

The bus voltage and system reliability are the most affecting factors for the EDS when losses 
are considered. It becomes necessary to improve these two factors by implementing distributed 
generation (DG) into the EDS. DG siting is one of the favored techniques used in the EDS for 
the improvement of the system’s reliability and bus Voltage Profile (VP), including ELM. The DG 
location, DG size, DG power factor (pf), DG penetration, and DG type are required for the effective 
implementation of DGs in the EDS. Simultaneously, it is required to study the mathematical expressions, 
and modeling of related parameters and DGs integrated into the system. An overview of parameters 
considered for the ELM and mathematical modeling are elaborated in the upcoming subsections.

2.1. Optimal Location

Obtaining the optimal location of DGs is crucial part of EDS. To identify the optimal locations, 
two indexes are used. Index-1 is implemented only for placing the single DG and Index-2 is 
incorporated for placing more than one DGs in the EDS. Power loss is minimized by using Index-1 for
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placing 1DG (viz. Case 1). However, Index-2 provides minimum power loss for multiple DGs (viz. Case 
2 and Case 3). These two indicators are represented by Equations (17) and (18), respectively [50,51]. 
It can be observed from the equation of Index-1 that the large index value depicts the weakest node of 
the system because the complex power injected at bus i is large. It implies that the single DG can be 
placed at this particular bus. On the other hand, Index-2 shows the voltage stability, which concludes 
that the reduced values of this index give the weakest bus of the EDS. Table 3 shows the values of 
both the indexes with corresponding five buses to arrange DG optimally in a given EDS. Therefore, 
DGs can be placed hierarchically at these buses.

Index-1 Index-2

Table 3. Values of indexes with corresponding bus number [17,20].

Value Bus No. Value Bus No.
1.350 x 10-3 6 41.52 x 10-3 30
0.928 x 10-3 29 16.44 x 10-3 13
0.867 x 10-3 30 16.43 x 10-3 24
0.864 x 10-3 5 7.36 x 10-3 31
0.735 x 10-3 28 6.49 x 10-3 20

In Figure 3, Va and Vb are the magnitudes of the voltages at buses a and b, respectively. ba and db 

are the phase angles of the voltages at buses a and b, respectively. Zl and Yl are the impedance and 
admittance of l-line, respectively. Rl and Xl are the resistance and reactance of a l-line. Il is the current 
in the l-line. The electrical power loss in the l-line is given by (1).

VA vb^8b

%i = Ri + JX

Yi = Ci + JBt |-

a b L> pin b + JQin b

Figure 3. General 2-bus system to formulate the line loss and load factor.

SlosSi = (Va - Vb) x If (1)

Il = (Va - Vb) x Yt (2)

Then the bus voltage matrix is formed by using Equation (3) where [Zbus] is the network 
impedance matrix, [Ibus] is the bus injection matrix, and nbus is the number of total buses in EDS.

[Vbus]nbus x1 bus nbus xnbus bus nbus x1 (3)

By expanding Equation (3), the node voltages can be obtained by using Equations (4) and (5).

nbus
Va = £ Z^ X Ii

i=1
(4)

nbus
Vb = £ Zbi x Ii

i=1
(5)
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where i is 1,2,. . . ,nbus. Zai, Zbi and Ii are the element of impedance matrix that signify the ath row and 
ith column, bth row and ith column, and current injection at bus-i, respectively.

Current Injection, Ii = in,i + jQin,i) (6)
Vi

where Pin,a and jQin,a are active power and reactive power injected at bus-i, respectively. Vi* is the 
voltage at bus-i. Now, put (2) and (4) to (6) in (1) then the electrical loss of the line-l is derived as (7).

Sloss,I = [Va - V] ( Eu (ZV- Zbi)Yl) [Pin,i + jQin,i] (7)

For an electrical system with nl number of branch/lines, the line loss is given by (8).

n(V (Va - Vb)(Zai- Zbi)*Y*
[ BLOSSi] = / , tt Sin, i (8)

i=1 Vi

where BLOSSl is line loss, Sin,i is apparent power injected at bus-i, l is 1 to nl .

nbus

[ BLOSSi ] = E [ LFii][ Sin, i ] (9)
i=1

nbuss (Va - Vb)(Zai- Zbi) **
LFli = E----------------- Vi------------------

i=1 i

non-zero, 
LFii =ii 0, if l-line is in the path of bus-i

Else

(10)

(11)

where load factor (LF) is given by (Va Vb)(ZV- Zbt) Yl . LFli is load factor of the ith line due to the ith bus 
injection (it is non-zero if ith line is in the path of ith bus else zero) as described in (11). For example, 
a 6-bus distribution is taken for explanation as shown in Figure 4 and a general branch loss formula is 
derived as (12).

Figure 4. 6-bus EDS for Index-1 calculation.
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BLOSS1 LF11

BLOSS 2 LF21

BLOSS 3 = LF31

BLOSS4 LF41
BLOSS5 5x1 LF51

[BLOSSM]5x 1 = [LFM]5x6 X [SinM]6x 1

LF52 LF53 LF54 LF55

LF12 LF13 LF14 LF15

LF22 LF23 LF24 LF25
LF32 LF33 LF34 LF35

LF42 LF43 LF44 LF45

LF16
S in1

LF26
Sin 2 
c

LF36 x Sin 3 
c

LF46
Sin 4

LF56 5x6
Sin5

Sin6 6x1

(12)

(13)

where [BLOSS M] is branch/line loss matrix, [LFM] is the load factor matrix, [Sin M] is complex power 
injection matrix. Equation (13) is reduced according to the Figure 4 where power injection at all the 
buses except the source bus are available.

BLOSS1

BLOSS 2

BLOSS 3
BLOSS4

BLOSS5 5x1

0 LF12 LF13 LF14 
00LF23 LF24

00 0 LF34

0000
0000

LF15
LF25

LF35

LF45

0

LF16

LF26

0 
0

LF56

x

5x6

S in1
S in2
Sin in 3
Sin 4
SSin5

SSin6 6x1

(14)

nl

Ai = E LFii
l=1

The calculation of effective power injections is done as given in (16).

Sef f,6 = Sin,6

Sef f,5 = Sin,5

Sef f,4 = Sin,4 + Seff,5

Seff,3 = Sin,3 + Seff,4 + Sef f,6

Sef f,2 = Sin,2 + Seff,3

Sef f,1 = Sin,1 + Seff,2

(15)

(16)

Equation (17) shows the final equation for the calculation of Index-1. The index is implemented 
for attaining the optimal position of one renewable energy source as DG. In Equation (15), |Ai| is 
fully dependent on LF values of all the branches (or lines) connected between bus and the source bus 
(main station). The closeness of the ith bus from the source bus can be observed in the LFli as guided 
in Equation (10). If the ith bus is not near, the number of lines between ith bus and source bus is being 
plenty and the corresponding Zai, Zbi, and Yl parameters will account in the electrical loss component. 
Furthermore, if the node voltage is high, the value of LFli will be small and vice-versa as observed 
in the derived equation. The equation of Index-1 is also accounted for the effective complex power 
supplied by the ith bus. The Index-1 will be high only when both the terms are high in (17). Thus, 
the value of Index-1 represents its main contribution in the total electrical loss and hence, in finding 
the optimal siting of one RES.

(Index - 1)i = |Ai|x|Sinef fi | (17)

Sinef f is the effective injection of complex power, which is the sum of injected powers from other buses 
connected to ith bus as shown in Figure 4.

(Index - 2)i+1 = |Vi|4-4(Pi+1Xj - Qi+1Rj)2 - 4(Pi+1Rj - Qi+1Xj)|Vi|2 (18) 
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where j is branch number, Vi is sending bus voltage, Pi+1 and Qi+1 are the Active Power (AP) and 
Reactive Power (RP) at the receiving end bus, respectively. Rj and Xj are the resistance and reactance 
between sending and receiving end bus, respectively.

2.2. Power Balance

The AP and RP balance expressions are shown in Equations (19) and (20).

Nbus

Pneti = Pdg: — Pdemt — Vi E VjYi,jcos($i — 8j — Qi + Qj) (19)
j=1

Nbus

Qneti = Qdgi - Qdemi — V E VjYi,,sin(&i — 8j — Qi + Qj) (20)
j=1

where Pneti = 0 and Qneti = 0 are the net AP and RP at i-bus, respectively. Pdgi and Qdgi represent 
DG AP and RP at i-bus, respectively. Active and reactive load demands are mentioned by Pdemi 
and Qdemi, respectively. Vj is the bus voltage at j-bus, Y,jj is the branch admittance between i, j-buses, 3, 

and 3j represent the phase angles of i-bus and j-bus voltages, respectively. (Qi — Qj) are the impedance 
angle of branch connected between i and j-buses.

2.3. Objective Function (OF)

In this research the OF is considered to be APL minimization in the EDS. The reliability indices 
are then evaluated by fixing the optimal location and size of the DGs. The OF of the problem is given 
in Equation (21).

2.3.1. Active Power Loss (APL)

The minimization of APL occurred in EDS is the OF considered. The primary aim of the OPF 
technique is to minimize the system APL as given as Equation (21).

Nbus Nbus

minAPloss = E E C1ij (Preali Prealj + Qreali Qrealj) + C2ij(Qreali Prealj — Preali Qrealj) (21)
i=1 j=1

where Preali, Prealj, Qreali, Qrealj are the AP and RP at i and j-buses, respectively. Nbus = number of buses 
or nodes, C1ij and C2ij are defined as follows.

Rij
C1H = vv cos(6i — 6j) (22a)j ViVj

RijC 2 ij =v^7 sin (6i — 6j) (22b)
j ViVj

where V, 3j and Vj, 3j are the voltages and corresponding angles at ith and jth buses, respectively, 
Rij = resistance of a branch between i and j-buses.

2.3.2. Reactive Power Loss (RPL)

The availability of RP ensures the AP transmission from source to load. Voltage stability margin 
or bus voltages are also dependent on this RP support. The RPL is obtained at different pf of DG 
using Equation (23).

Nbus Nbus

RPloss = E Qgeni — E Qdemi (23) 
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where Qgeni and Qdemi are the RP generation and demand at the ith bus (including the slack bus), 
respectively. Qdemi = RP demand at the ith bus.

2.3.3. Reliability Indices

The indices are assessed for divergent DG reliability data by fixing the site and size of DGs. 
Furthermore, the reliability improvement of distribution network has been accomplished by integrating 
one DG and multiple DGs in the EDS. Several reliability indices exist to observe the system’s reliability 
such as EENS, AENS, SAIDI, SAIFI, and ASAI which are also used in this study to analyze the reliability 
improvement. The indices of the network reliability are dependent function of failure rate (.\p,) and 
repair time (RT) as given in Equation (24) [20,23,52].

Reliability Indices = f (Xp, RT) (24)

2.4. Constraints

The OF minimization is a primary task to obtain the optimal results. OF minimization is subjected 
to design the constraints so that the requirements of the EDS must be satisfied with DG operation. 
Thus, the constraints are discussed in the succeeding subsection [53,54].

2.4.1. Equality Constraints

These constraints follow the Kirchhoff’s current rule as the algebraic sum of powers in and powers 
out should be equal in an EDS [54,55]. Two of these constraints are described as follows.

Nbus Nbus

E APgeni = E APdemi + APloss (25)
i=1 i=1

where APgeni = AP generated by the generation units at ith bus, APdemi = AP demand at ith bus.

NN bus busE RPgeni = E RPdemi + RPloss (26)
i=1 i=1

where RPgeni = RP generated by the generation units at ith bus, RPdemi = RP demand at ith bus.

2.4.2. Inequality Constraints

These constraints are associated with the limits applied to the system parameters for the operation 
of EDS. Some of these constraints are described as follows.

A. Power flow

To maintain the line capacity within limits, these constraints ensure the apparent power to be 
within limits at the ends of a line [53,54].

APaij < APmx (27)

where APamijax = the highest permissible apparent powers (APa) for lines i to j, APaij = the actual APa 
transmitted from i to j.

B. DG capacity
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These limits ensure the non-reversal of power flow. The power from the substation is provided to 
the EDS must be greater than the DG power. Also, the DG has the minimum and maximum power 
generation boundaries [56].

nDG nbus^ APDGi < °-85 x ^ APdemj + APloss (28)

nDG nbus^ RPDGi < °-85 x ^ RPdemi + RPloss (29)

min maxAPDGn < APDGn < APDGn (30)

min maxRPDGn < RPDGn < RPDGn (31)

(set to zero) and APmDaGxp (from Equation (28)) are the lower and 
(set to zero) and RPmDaGxp (from Equation (29))

where p = 1, 2,........ , nDG, APmDiGnp
upper AP outputs of DG unit p, respectively. RPmiGnDGp 
are the lower and upper RP outputs of DG unit p, respectively. nDG = number of DGs present in the 
distribution network.

C. Bus voltage

The voltages at buses present in the EDS must be limited within minimum and maximum 
limits [57,58].

(32)I Viminimum !< 1 V !< Vimaximum 1

where |Viminimum | and |Vimaximum | = the lower and upper boundaries of the bus voltage |Vi| which are set 
to 95% and 105%, respectively.

D. Branch current

It refers as thermal capacity of the EDS lines. The current in the distribution lines must be within 
limits and should exceed the maximum current as given in Equation (33) [20].

Ii < Imax (33)

2.5. Constriction Factor-Based PSO (CF-PSO) Technique

PSO is a novel progression computational technique which is in the frame since 1995. The use 
of this method is seen in RP dispatch [59], generation scheduling [60], renewable source integrated 
power system [61], and cost analysis [62]. In basic PSO method, the candidate solution is improved 
iteratively under any given constraint. The PSO algorithm is shown in Figure 5. Due to the reduction 
in computational time and requirement of less memory, PSO has overtaken many algorithms including 
the Genetic algorithm (GA) as PSO is mutation free. It searches the optimized value globally with 
the help of several particles present in a swarm based on specific constraints. As all particles have its 
local and global best values because of its own and global positions. This method updates the particle 
position and velocity as described in Equations (34) and (35).

Vn+1 = W' x Vn + C{x R'1 x (PersonalBEST. - Xn) + C2 x R2 x (GlobalBEST - Xpn) (34)

XP+1 = XP + Cf x VPP+1 (35)

where Vnn+1 = nth particle velocity at (n + 1)th iteration, W’ = particle inertial weight, Vnn = nth particle 
velocity at pth iteration, C 1, C'2 = constants (0, 2.5), R'1, R'2 = numbers generated randomly (0, 1), 
PersonalBESTi = the nth particle’s best position considering its own property, GlobalBEST = the nth 
particle’s best position considering the whole population, Xnn+1, Xnn = nth particle position at (n + 1)th 
and nth iterations, respectively. Cf = constriction factor (CF) assures efficient convergence [63,64].
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Due to faster convergence to the global point, the basic PSO faces the difficulty of 
premature convergence. The particles have started oscillating around the optimal point without 
providing any type of restriction to the highest velocity of the particles available in swarm. 
Therefore, the optimal global solution is rare to obtain. The use of properly defined CF is briefly 
described for advance convergence of the PSO [65]. This can also be applied for the DG siting and DG 
size in the EDS. It reduces the computation time and requires little memory. Although this technique 
suffers from partial optimization, by altering its parameter during problem solving will produce an 
improved result [66-68]. To obtain the improved result, a constriction factor (CF) is used and thus, 
the method is known as CF-based PSO technique. The parameters set for the CF-PSO are as follows. 
The values of initial weight, final weight, C1, C2, R1, R2, and CF are considered tobe9 x 10-1, 4 x 10-1, 
201 x 10-2, 201 x 10-2, 0 to 1, 0 to 1, and 729 x 10-3, respectively. A flowchart is provided in Figure 5 
to obtain the DG location, DG sizing and system reliability of the DGs in 33 bus EDS.

Figure 5. Algorithm implemented for the research work.

3. Reliability Assessment of Distribution System

The RA of an EDS is as important as contrasted to other components and parts of the EDS. 
The IEEE guide for EDS reliability is given by standard number 1366-2012 [69]. According to given 
standard, reliability of an EDS can be analyzed using some reliability indices. The reliability indices 
considered for EDS reliability assessment include EENS, AENS, SAIDI, SAIFI, and ASAI. These indices 
are mainly classified in two categories which are elaborated in Equations (39)-(46c).

3.1. Reliability Parameters at Load Point ‘p’

The reliability indices are the function of reliability parameters mentioned in Equations (36)-(38). 
The reliability parameters have been calculated at load point ’p’ as follows.

Failure rate (average); A.p = ^ num^ x Fk failure per year (36)
kEn
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Outage duration (annual); Up = E, FkDpk hour per year (37)
k=n

Outage duration (average); Dp = —p hour (38)
Xp

where Fk = failure rate (average) of the kth element, n = number of elements in the EDS, numk = 
number of kth elements in the EDS, Dpk = duration of failure at pth load point due to kth failed element. 
The calculation equations of Xp and Up are given in Appendix A.2.

3.2. System-Based Indices

These indices are further categorized in load-oriented indices and customer oriented indices as 
given in Equations (39)-(40) and Equations (41)-(46c), respectively.

3.2.1. Load-Oriented Indices

Load-Oriented Indices have been calculated at load point ’p’, as mentioned in Equations (39)-(40).

EENSp = PpUp megawatt hour per year (39)

AENSp = —p=n----------p megawatt hour per customer per year (40)
E p=1 Np

where Pp = demand/load (average) of the pth load point, EENSp = expected ENS at Pth load or 
customer point. where np = total load points, Np = number of customers at Pth load point.

3.2.2. Customer Oriented Indices

These indices have allowed to enhance the EDS’s reliability related to the improvement of 
customer or load services. The two of the indices namely ECOST and IEAR are related to the cost 
reliability and thus, termed as reliability worth of the system.

ECOSTp(= LOEEp) = Pp E f(Dpk)Fk k$ per year (41)

IEARp =
ECOSTp 

EENSp
$ per kilowatt hour (42)

where ECOSTp = expected interrupted cost at Pth load point, IEARp = interrupted energy assessment 
rate at Pth load point, LOEEp = loss of expected energy, f (Dpk) = system composite customer damage 
function ($ per kilowatt) as provided in Table A3 of Appendix A.

SAIFI =
E p1 XpNp

E' 1 Np
failure per customer per year (43)

SAIDI =
E p1 UpNp 

E np=1 Np
hour per customer per year (44)
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CAIDI(=
SAIDI _ E"P= 1 U;N;
SF)=- hour per customer per interruption (45)

where CAIDI = Customer Average Interruption Duration Index.

ASAI =
n; n;8760 E;=1 N; - E;=1 U;N;

8760 E; = 1 N;
per unit (46a)

Also, ASAI can be derived as follows.

ASAI =1-
SAIDI

8760
(46b)

ASUI=1-ASAI per unit (46c)

where ASUI = Average Service Unavailability Index.

4. Modeling of WTG, SPV, and BSS

The reliability assessment of the IEEE 33 bus EDS is accomplished, considering the optimal 
siting(s) and sizing(s) of SPV, WTG, and BSS. In this regard, a brief modeling and specifications of 
these RESs are illustrated in Sections 4.1-4.3.

4.1. Wind Turbine Generator

The V162-5.6MW(IECS based on IEC IIB), a WTG, manufactured by General Electric Company is 
considered for its output power rating. The specifications of the WTG considered in this study are 
provided in Table 4. The mechanical power of WTG (Pmech) is a function of generator rotor speed and 
wind speed as formulated in Equations (47)-(51) [70].

13
Pmech (vwind, ^ rotor) =2 x p x vwind x C; (A, 6)

, ^rotor x GR x Rrotor A = ---------------------------
vwind

C; (Vwind, Rrotor, 6) = C 1(C21 - C3 6 - C4 6x - C5) x ex;(-C6) 
w a a

1 _ 1 0.035
= = (A + 0.086) - 1 + 63

where p = air density, As = area swept by the turbine rotor blades, Vwind = speed of the wind, C; is the 
non-linear function of the tip speed ratio (A) and pitch angle (6), wrotor = generator rotor speed, 
GR = gear ratio, Rrotor = rotor radius at the turbine blades, C1 to C6 and x are constants and 
computed in [70].

(47)

(48)

(49)

(50)

1
0;
PWTG,rated x (v-.VVy. } ;

, rated - cin

PWTG,rated;

0 < V < Vein or V > Vcout

Vein < V < Vrated

Vrated < V < Vcout

(51)

where PWTG = output WTG power, PWTG,rated = rated output WTG power, Vrated = rated wind speed.
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Table 4. Wind Turbine (V162-5.6 MW) specifications.

Parameter Rating (Unit)
Rated output power 5.6 MW
Cut-in Speed (Vcin) 3 m/s

Cut-out Speed (Vcout) 25 m/s
Temperature - 20 ° Cto45 ° C

Diameter 162 m
Swept Area 20612 m2
Frequency 50/60 Hz

Hub Height 119 m, 125 m, 148 m, 149 m, and 166 m

4.2. Solar Photovoltaic

The SPR-P5-545-UPP, a Solar PV Module, manufactured by Sunpower Company is considered for 
its output power rating. The specifications of the SPV module considered in this study are provided 
in Table 5. The SPV module is developed by implementing several cells. The power output for the SPV 
module can be derived as described by Equations (52)-(65) [71-73].

PSPV(AC)(t) = PSPV(out)(t) X ninverter (52)

PSPV(out)(t) = FFA (t) X Ishort (t) X Vopen (t) (53)

SR
Ishort(t) = 1000 [Ishort,STC + CI(TSM(t) — 25)] (54)

Vopen(t) = Vopen,STC + CV [TSM(t) - 25] (55)

FFA(t) = FFi(t) X [1 - Rs(t)] (56)

FF (t)= Vopen,0 (t) - ln[Vopen,0(t) + 0.72]
(57)

Vopen,0(t) = Vopen(t) X N X K[TsmOt) + 273.15] (58)

Rs (t) = Rs X Is^
Vopen (t)

(59)

Tsm(t) = Tamb (t) + SR (Tno"- 20) (60)

where t = time instant, PSPV(AC) (t) = AC output power, PSPV(out)(t) = maximum output power, 
ninverter = inverter efficiency, FFA (t) = fill factor actual, Ishort (t) = short circuit current under 
operating conditions, Vopen (t) = open circuit voltage under operating conditions, SR = solar 
radiation intensity (W/m2), STC = standard test conditions, CI = temperature coefficient for current 
(A/° C), Tsm(t) = solar module temperature (° C), CV = temperature coefficient for voltage (V/° C), 
FFi (t) = fill factor ideal, Rs (t) = normalized series resistance of solar module, Vopen,0 (t) = normalized 
open circuit voltage, O = an electron charge, N(—1) = ideality factor, K = Boltzmann’s constant, 
Rs = series resistance of SPV module, Tamb (t) = ambient temperature of SPV module, Tnom = nominal 
operating cell temperature.

The Rs is being evaluated as follows [74].

Rs = Rs,STC = rs,STC X
Vopen, STC

Ishort,STC
(61)

Rs,STC =1 -
FFA, STC 

FFi, STC
(62)
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.... Vmpp,STC x Impp,STC ,
FFA,STC = --------- 77------------------------ x Ishort,STCVopen,STC

Vopen,0,STC - ln[Vopen,0,STC + 0.72]
FFi, STC = ------------------ T~r---------------------------- + 1Vopen,0,STC 

Q

(63)

(64)

(65)Vopen,0,STC = ,STC X ^ x ^[^S^,STC (t) + 27315]

where rs,STC = normalized series resistance under STC, and all other parameters in Equations (61)-(65) 
are evaluated at STC.

Table 5. Bifacial Solar Panel (SPR-P5-545-UPP) specifications.

Parameter Rating (Unit) Parameter Rating (Unit)
nominal power 545 W Maximum Series Fuse 25 A

Tolerance of Power ±3/0% Temperature -40-85 ◦C
Efficiency 21.1% Power Temperature Coefficient - 0.34%/° C

Rated voltage 46.1 V Voltage Temperature Coefficient - 0.28%/° C
Rated current 11.84 A Current Temperature Coefficient 0.06%/°C

Open circuit voltage 55.8 V Weight 31.5 kg
Short circuit current 12.62 A Solar Cells Mono-crystalline

Maximum System Voltage (IEC) 1500 V L x B x Hmm3 2362 x 1092 x 35

4.3. Battery Storage System

The BESS 3000, a Lithium-Ion Battery System, manufactured by Freqcon Company is considered 
for its output power rating. The specifications of the BSS considered in this study are provided 
in Table 6. The flowchart of BSS dispatch modeling is illustrated in Figure 6. Mathematical modeling 
is further defined. The BSS dispatch strategy starts functioning by monitoring the peak load hours. 
If the peak load is greater/less than the capacity of WTG and SPV, the BSS discharges/charges to 
support the distribution system; otherwise the BSS operates as a neutral device. Also, the BSS SOC 
will decide the charging or neutral operation during the off-peak hours. The battery model is derived 
with the help of Equations (66)-(68) assuming that no battery is self-discharging [75].

Figure 6. General BSS dispatch strategy opted for battery operation.

PBattery(DC)(t) =
EBattery ( t ) EBattery ( t A t ) (66)

A t
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PBattery(AC)(t) =
PBanS^; PBanery(DC)(t) > 0

PBattery(DC)(t) x nBattery x PFInverter; Otherwise
(67)

SOC(t) = SOC(t - At) + ^Charging x PBatey(DC)(t) x At (68)
CBattery X V

where PBattery(DC) (t) = DC charging/discharging power of the battery in At interval (W), 
EBattery (t) = energy of battery (Wh), PBattery(AC) (t) = AC power discharged/charged state of battery, 
VBattery = efficiency of the battery, PFinverter = inverter power factor, SOC(t) = state of charge of the 
battery, ^Charging = charging efficiency of the battery, CBattery = battery capacity (Ah), V = nominal 
voltage of the battery (V).

Table 6. Battery Storage System (BESS 3000) specifications.

Parameter Rating
Rated output power 3000 kW

Storage Capacity 1000 kWh
Rated output current 2795 A

Rated output AC voltage 620 V
Power factor 0.95 Cap . . . 0.95 Ind

Total harmonic distortion <3%
Efficiency >98%

Type Lithium-ion
IGBT Switching Frequency (Converter) 2-4 kHz

5. Results and Discussion

The DG location, DG size, and EDS reliability are obtained and analyzed. The 33 bus EDS 
(Figure A1 of Appendix A.1) is considered in this study. The branch and load data for this EDS are 
adopted from [76]. It contains 33 buses and 32-branches with a total of 3.715 MW and 2.3 MVAr AP 
and RP loads, respectively. This EDS operates at 12.66 kV, 100 MVA base values. The APL and RPL 
for without DG case are obtained as 0.211009 MW and 0.143056 MVAr, respectively. The objective 
function (OF) minimization is done by implementing the CF-based PSO, as explained in Section 2. 
The following steps are followed to obtain the results.

Step 1: Optimal siting(s) and sizing(s) of WTG, SPV, and BSS are evaluated considering electrical 
loss minimization (ELM). The technical ratings of WTG, SPV, and BSS have been illustrated 
in Tables 4-6, respectively. The BSS is assumed to be fully charged and produces its rated 
output power.

Step 2: APL, RPL, and bus voltages are obtained by integrating WTG, WTG+SPV, 
and WTG+SPV+BSS (referred as Case 1, Case 2, and Case 3, respectively) in the 
EDS to analyze the results obtained in Step 1.

Step 3: Reliability indices are estimated for EDS considering two different WTG and SPV 
reliability data, including Xp and RT (for Scenario 1 to Scenario 6).

Step 4: Furthermore, the reliability improvement is analyzed by adding BSS (considering 100% 
reliable) to the EDS in the presence of WTG and SPV. All related reliability data used are 
mentioned in Table A2 of the Appendix A.

5.1. DG Location and DG Rating

The bus number is obtained to allocate WTG, SPV, and BSS. The two indexes are implemented to 
obtain the locations as described in Section 2.1. It is observed from the analysis that Index-1 provides 
the location suitable for a single DG. This index examines the effective apparent power injection 
to the buses. The Load Factor value of lth line depends on whether the lth is in the path of the ith bus 
to the source node or not. The multiplication of Load Factor and injected apparent power provides the
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APL and RPL of lth line due to the ith bus APa injection. Thus, the maximum value of Index-1 at ith 
bus indicates the candidate bus to place one DG. The first six values of this index for respective buses 
are provided in Table 3.

The optimal siting for several DGs are found by implementing the Index-2. This index provides 
the hierarchy of weak buses in the EDS. It shows the sensitivity of the bus towards voltage collapse. 
The value of Index-2 must be greater than or equals to zero for ensuring the stable operation of the 
distribution system. The minimum value of this index depicts more sensitivity to the voltage collapse 
and thus, referred to as the weak bus. The optimal location(s) and size(s) of WTG, SPV, and BSS for 
three cases are obtained and reproduced in Table 7. The DGs are accommodated according to the 
locations obtained from the indexes, as mentioned in Section 2.1. The DG size and minimum APL are 
then evaluated, implementing CF-PSO as described in Section 2.

Table 7. DG location and DG size obtained.

Case 1 Case 2 Case 3
Location (bus no.) 6 30, 13 30, 13, 24

size@upf (MW) 2.564 1.148, 0.843 1.048, 0.801, 1.105

5.2. APL, RPL, and Bus Voltages

The accommodation of DG at an optimal location with optimal size reflects in VP improvement and 
minimization of APL and RPL. Most of the research has concentrated on APL minimization because of the 
dominance of I2R losses in the EDS. In contrast, the RPL minimization for overall voltage improvement of all the 
32 buses of the EDS has also been observed. The estimation of APL, RPL, and VP is considered before analyzing 
the system’s reliability. This is done to analyze the system’s reliability with the optimal DG size, DG location, 
minimum power loss, and better VP.

Several kinds of research are performed to obtain APL minimization, which is cited in Table 2 for single and 
multiple DGs, respectively. It is observed from Table 2 that the authors of the mentioned literature have not dealt 
with the cases considering various DGs combination. Therefore, it is vital to observe that the results obtained 
considering several types of DGs are compared with the conventional DGs [77]. The output results obtained for 
the APL are tabulated in Table 8. This table shows that the APL value is better for Case 1, and comparable for 
Case 2 and Case 3. The slight variations in APL for Case 2 and Case 3 are observed because the authors have 
considered the pf of WTG only. Furthermore, the bus voltage profile with one DG and multiple DGs is drawn 
in Figure 7. The voltages at all the buses vary according to the real power loss and reactive power loss in the 
distribution system. Therefore, the system requires real power support for active power loss minimization, which 
improves the bus voltages by compensating the I2 R losses. Furthermore, it is concluded from Table 8 that the 
active power loss minimization is not reduced significantly for Case 3 as compared to Case 2. Thus, there is a 
marginal improvement in bus voltage profile for Case 3 as compared to Case 2, which is depicted in Figure 7. 
Also, the improvement in bus voltages is observed when multiple DGs are placed. This VP is further improved at 
0.85 and 0.82 pfs. This is because of increment in reactive power support at system buses. It is the point of interest 
to know about the two voltage peaks when the system is operated with single DG. The two voltage peaks appear 
at bus number 7 and 26 because these buses are directly connected to bus 6, at which single DG is placed optimally. 
Also, the size of the single DG is greater than the sum of the size of two DG and slightly lesser than the sum of 
the size of three DG, as obtained in Table 8. A comparison between present work and the best available method 
is made for ELM. Simultaneously, from Table 9 it can be inferred that the minimum bus voltage is improved 
and RPL is minimized with the implementation of multiple DGs at different pfs as illustrated. The graphical 
representation of APL and RPL for without DG, one DG, and multiple DGs are represented in Figure 8.
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Figure 7. Voltage profile for 33 bus system (WTG at 0.9 pf).

Table 8. APL (MW) obtained considering WTG power factor.

APL obtained considering power factor of all Conventional DGs

pf No DG Case 1 Case 2 Case 3
Unity 0.11104 0.0727 0.05148

Present work 0.85 0.21101 0.06831 0.04539 0.02795
0.82 0.06831 0.0444 0.02702

Table 9. Minimum voltage, DG location, and RPL (MVAr) obtained.

pf No DG Single DG Two DG Three DG
Unity 0.11107 0.087172 0.072787

EA [77] 0.85 0.211 0.068170 0.03119 0.01552
0.82 0.067870 0.03041 0.01514

Minimum Voltage (%) RPL
pf No DG Case 1 Case 2 Case 3 No DG Case 1 Case 2 Case 3

Unity 94.26 96.88 96.86 0.08168 0.05121 0.03848
0.85 90.44 95.74 98.12 98.15 0.14306 0.05504 0.03257 0.02185
0.82 96.0 98.20 98.22 0.05504 0.03195 0.02119

Figure 8. Active and Reactive power losses (WTG at UPF).

5.3. Reliability Assessment

The indices obtained show the improvement in the system’s reliability. The indices are calculated for two 
different reliability data of DGs. It is observed that the indices are dependent on two reliability data, namely
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Ap and RT of the system’s elements. The present work has considered different reliability data for DG only. 
The best reliability improvement is observed for 0.2 of Ap and 12 h of RT. A detailed description of the DG 
reliability data effect on indices is given as per the following Scenarios.

• Scenario 1: 0.2 f/yr and 12 h (as provided in Table A2 of Appendix A.2)
• Scenario 2: 0.4 f/yr and 12 h
• Scenario 3: 0.6 f/yr and 12 h
• Scenario 4: 0.2 f/yr and 24 h
• Scenario 5: 0.2 f/yr and 48 h
• Scenario 6: No failure

Scenarios 1, 2, and 3 are considered by fixing the RT and varying Ap . The appropriate case from the first 
three cases is then considered for variable RT to extract the best case from the top Five Scenarios. The values of 
these reliability data are fed manually in the optimization technique to get the values of indices for the system’s 
reliability improvement. Furthermore, the following key assumptions are considered to assess the reliability of 
the EDS.

• Circuit breakers, distribution lines, and potential transformers are available throughout with 100% reliability.
• The A p and RT of DG, Buses, feeders, and substations are given in Table A2.
• RT for each distribution branch = 10 h.

5.3.1. Effect on Load-Oriented Indices

The EENS and AENS are obtained and tabulated in Tables 10 and 11 for all cases as illustrated 
in Figure 9a-d, respectively. It is important to note that the EENS and AENS decrease with the number of 
DGs, and these are also decreased with decreasing values of A p and RT. As the increasing number of DGs 
are integrated into an EDS, the supplied energy is improved in the EDS, and thus, the indices related to the 
energy not supplied are reduced. This reduction is more while integrating the DGs with lesser A p and RT values. 
The reducing EENS and AENS are desirable, and thus, the EDS reliability enhances with the integration of DGs 
with appropriate reliability data values.

Table 10. EENS (MWh per year) evaluated for different Scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
No DG 82.763 82.763 82.763 82.763 82.763 82.763
Case 1 65.533 68.465 73.397 68.465 78.329 58.601
Case 2 31.817 29.249 31.817 29.249 34.385 24.113
Case 3 30.135 27.567 30.135 27.567 32.703 22.431

Table 11. AENS (MWh per customer per year) evaluated for different Scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
No DG 0.0255 0.0255 0.0255 0.0255 0.0255 0.0255
Case 1 0.0196 0.0203 0.0226 0.0211 0.0241 0.0181
Case 2 0.0082 0.009 0.0098 0.009 0.0106 0.0074
Case 3 0.0077 0.0085 0.0093 0.0085 0.0101 0.0069

5.3.2. Effect on System-Oriented Indices

The SAIDI, and SAIFI are obtained and tabulated in Tables 12 and 13 for all cases considering all scenarios 
as shown in Figure 10a-d, respectively. The important point to be noted here that the SAIDI, and SAIFI, decreases 
with the increasing number of DGs; SAIDI is also decreased with the decreasing values of Ap and RT. It is worthy 
to note that the SAIFI is not affected by the RT of the DG. It is because this index is independent of RT as shown in 
Equation (43). As the increasing number of DGs are incorporated into the EDS, the duration of the interruption 
and the number of interruptions occurred are reduced in the system. Thus, the SAIDI, and SAIFI are reduced. 
Customer Average Interruption Duration Index can be determined using the ratio of SAIDI, and SAIFI as shown 
in Equation (45). The reduction in the value of indices is more while integrating the DGs with lesser A p and RT 
values. Moreover, reducing SAIDI and SAIFI are desirable for EDS reliability enhancement.
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(a) (b)

(c) (d)

Figure 9. Load-oriented indices for different DG reliability data (a) EENS at different Xp, (b) EENS at 
different RT, (c) AENS at different Xp, and (d) AENS at different RT.

Table 12. SAIDI (hour per customer per year) evaluated for different Scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
No DG 24.012 24.012 24.012 24.012 24.012 24.012
Case 1 18.764 20.085 21.406 20.085 22.728 17.442
Case 2 7.388 8.053 8.719 8.053 9.385 6.722
Case 3 7.201 7.866 8.532 7.866 9.198 6.535

Table 13. SAIFI (failure per customer per year) evaluated for different Scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
No DG 3.179 3.179 3.179 3.179 3.179 3.179
Case 1 2.109 2.219 2.329 2.109 2.109 1.999
Case 2 0.915 0.970 1.026 0.915 0.915 0.859
Case 3 0.842 0.897 0.953 0.842 0.842 0.786

The ASAI is determined and tabulated in Table 14 for all cases considering six scenarios as illustrated in 
Figure 11a,b. The electrical power service availability for all loads increases with the integration of multiple 
DGs. This index is further increased when DGs have a lower Xp and RT values. The increment in ASAI increases 
leads to the decrement in ASUI as given in Equations (46a) and (46c) which is desirable for the EDS reliability 
improvement.

Table 14. ASAI (pu) evaluated for different Scenarios.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
No DG 0.99726 0.99726 0.99726 0.99726 0.99726 0.99726
Case 1 0.99786 0.99771 0.99756 0.99771 0.99741 0.99801
Case 2 0.99916 0.99908 0.99900 0.99908 0.99893 0.99923
Case 3 0.99918 0.99910 0.99903 0.99910 0.99895 0.99925
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(a) (b)

(c) (d)

(a)

Figure 11. System-oriented indices for different DG reliability data (a) ASAI at different Xp, (b) ASAI 
at different RT.

Figure 10. System-oriented indices for different DG reliability data (a) SAIDI at different Xp, (b) SAIDI 
at different RT, (c) SAIFI at different Xp, and (d) SAIFI at different RT.

(b)

6. Conclusions and Scope for Future Work

The optimal location(s) and size(s) of distributed generations derived for three cases ensure an enhancement 
in the electrical loss minimization and also, improves the bus voltage profile when compared to a system without 
distributed generations. While analyzing all the cases, it is observed that Case 3 has provided the best result. 
It was observed that the APL value is reduced at UPF by 0.00003 MW, 0.014472 MW, and 0.021307 MW for Case 1, 
Case 2, and Case 3, respectively when compared to [77]. The minimum value of bus voltage is improved by 6.42% 
for Case 3 at UPF when compared to No DG Case. The bus voltage profile was further improved at 0.85 and 0.82 
power factors by 7.71% and 7.78%, respectively. After achieving the acceptable results, the reliability analysis is 
performed for the distributed generation integrated distribution system. It is concluded that the combination of 
Case 3 with Scenario 6 provides the best system’s reliability results. However, Scenario 6 being an ideal one, Case 
3 with Scenario 1 is considered to yield better results for the improvement in the system’s reliability. This research 
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analysis can be extended in the future for a greater number of standard distribution systems considering the 
following aspects.

• Reliability assessment of larger EDS.
• Inclusion of reliability data of subsystems.
• System reconfiguration.
• Considering CO2 emission.
• Economical aspects related to the system’s reliability, including net present value, Levelized cost of energy, 

and many other aspects.
• Security.

The future aspects can be dealt with large radial distribution systems, including IEEE 69 and 118 bus systems. 
Inclusion of reliability data in terms of electrical, mechanical, and structural subsystems which would be favorable 
in obtaining accurate reliability of the system. Distribution system reliability improvement can also be achieved 
by adjusting the number of branches which is termed as a system reconfiguration technique. Furthermore, 
the dependency of reliability analysis on CO2 emission, economics, system protection, and system security can 
also be considered for further research works.
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Abbreviations

This work has used the following abbreviations:

AENS Average Energy Not Supplied (MWh per customer per year)
APL Active Power Loss (MW)
ASAI Average Service Availability Index (pu)
BSS Battery Storage System
CF-PSO Constriction Factor-based Particle Swarm Optimization
DG Distributed Generation
DGen Diesel Generator
EDS Electrical Distribution System
EENS Expected Energy Not Supplied (MWh per year)
EIR Energy index of reliability (pu)
ELM Electrical Loss Minimization
ENS Energy Not Supplied (MWh)
GA Genetic Algorithm
GE General Electric
IEEE Institution of Electrical and Electronics Engineers
LOLE Loss of Load Expectation (hour)
LOLP Loss of Load Probability (pu)
MOGA Multi-objective Genetic Algorithm
MW Megawatt
OPF Optimal Power Flow
pf Power Factor (pu)
RA Reliability Assessment
RDS Radial Distribution System
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RES 
RPL 
SAIDI 
SAIFI 
SPR 
SPV 
WTG 
VP

Renewable Energy Source
Reactive Power Loss (MW)
System Average Interruption Duration Interruption (hour per customer per year)
System Average Interruption Frequency Interruption (failure per customer per year)
Surface Plasmon Resonance
Solar photovoltaic
Wind Turbine Generator
Voltage Profile

Appendix A

Appendix A.1

The IEEE 33 bus EDS as shown in Figure A1 has been selected for analysis. As mentioned in Section 5,itis 
inferred that the 33-bus distribution system is analyzed for obtaining the locations and sizes. The branch and load 
data have been taken from [76].
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Figure A1. The IEEE 33 bus EDS.

Appendix A.2

Table A1. Load distribution for 33 bus [52].

Type of Load
Bus Number (or Load Point) Number of Loads Mixed Same Type of Loads

2-5 148 Industrial (I) C I R
6-9 1° Commercial (C) “ “ “

11, 12 132 “ “ “ “
13-15 11° Residential (R) “ “ “

16 2 “ “ “ “
17-2° 118 “ “ “ “
21-26 126 “ “ “ “
27-31 1°8 “ “ “ “
32, 33 58 “ “ “ “
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Table A2. Reliability data for 33 bus [52].

Bus, Feeder, etc.
Reliability Data for All Loads, Feeders, etc.
Xp (f/yr) RT (h)

Load@4 0.321 11.04
Load@(5, 7-12, 29, 

30,14,16,18-22,25-28)
0.301 11.44

Load@(13, 15) 0.314 11.17
Load@(17, 23, 24) 0.208 1.75

Load@(31-33) 0.327 10.96
substation 0.1 5

feeder (2, 3, 6) 0.2 3
DG 0.2 12

From Table A2, average failure rate, and unavailability can be determined as given in 
Equations (A1) and (A2). The system reliability indices are thus evaluated for all six scenarios using the values of 
Xp and Up.

average failure rate, Xp = (no. of loads x failure rates) + (no. of substations x failure rate) 
+ (no. of feeders x failure rate) + (no. of DG x failure rate)

(A1)

outage duration or unavailability, Up = (no. of loads x failure rates x RT) + (no. of substations x failure rate x RT) (A2)
+ (no. of feeders x failure rate x RT) + (no. of DG x failure rate x RT)

EENS = ^[(Demand or load at Pth load point) x (Annual outage duration at Pth load point)] (A3)

AENS = L(EENS at Pth load point)
Total number of customers at all load points

(A4)

SAIDI L [(annual outage duration at Pth load point) x (Number of customers at Pth load point)] 
Total number of customers at all load points

(A5)

SAIFI L[(average failure rate at Pth load point) x (Number of customers at Pth load point)] 
Total number of customers at all load points (A6)

ASAI =1 - SAIDI
8760

(A7)

Table A3. Cost per kilowatt for Reliability worth estimation [78].

Type of Load Interruption Duration (minutes) Cost ($/kW)
1 0.38

20 2.97
Commercial 60 8.55

240 31.32
480 83.01

1 1.63
20 3.87

Industrial 60 9.09
240 25.16
480 55.81

1 0
20 0.09

Residential 60 0.48
240 4.91
480 15.69
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Abstract: This paper focuses on the analysis and design of two multilevel-multicell converters 
(MMCs), named 3-phase 5-Level E-Type Multilevel-Multicell Rectifier (3<I-’5I. E-Type MMR) and 
3-phase 5-Level E-Type Multilevel-Multicell Inverter (305L- E-Type MMI) to be used in microgrid 
applications. The proposed 3-phase E-Type multilevel rectifier and inverter have each phase being 
accomplished by the combination of two I-Type topologies connected to the T-Type topology. The 
two cells of each phase of the rectifier and inverter are connected in interleaving using an intercell 
transformer (ICT) in order to reduce the volume of the output filter. Such an E-Type topology 
arrangement is expected to allow both the high efficiency and power density required for microgrid 
applications, as well as being capable of providing good performance in terms of quality of the 
voltage and current waveforms. The proposed hardware design and control interface are supported 
by the simulation results performed in Matlab/Simulink. The analysis has been then validated in 
terms of an experimental campaign performed on the converter prototype, which presented a power 
density of 8.4 kW/dm3 and a specific power of 3.24 kW/kg. The experimental results showed that the 
proposed converter can achieve a peak efficiency of 99% using only silicon power semiconductors.

Keywords: multilevel-multicell converter; wide bandgap devices; high performance; interleaved 
topology; power density; specific power; microgrid
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1. Introduction
The electrical power demand has increased in all applications, such as transportation, 

industry, household, and the commercial sectors [1]. We are in fact becoming more and 
more hungry for electric power: on one hand, this is provoked by the constant increase in 
the world population, and consequently the urban centers are increasing in size with more 
people living in cities; on the other hand, the hunger for energy, especially in developing 
countries always in need of new infrastructure such as hospitals, schools, and transport, 
comes from the middle class. Thus, the increased demand of energy should be addressed 
by both significantly increasing the use of renewable energy sources and improving the 
efficiency of energy systems [2]. Currently, the most abundant renewable energy sources 
are wind and solar [3,4]; for both of them, adequate conversion equipment is needed. For 
example, wind energy requires turbines and generators, which leads to variable frequency 
and variable voltage electricity. As a result, between the generator and the grid, a power 
conversion system is needed in order to meet the grid requirement of a fixed frequency of 
50 or 60 Hz at certain standard voltage levels. Concerning solar energy, a photovoltaic (PV) 
cell provides a DC source at unregulated low voltage, and thus power electronics systems 
must be able to adjust this DC voltage level to one suitable for supplying the load [5]. In the 
21st century, therefore, modern solutions based on different energy sources coming from 
wind, solar, energy storage and micro-turbines have been used to feed the load or different 
loads [6,7]. Particularly, in a stand-alone microgrid, more energy sources are connected to
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a single DC-bus to supply the load, as shown in Figure 1. The photovoltaic system and 
the battery system are connected to the DC-bus thanks to a DC/DC power converter [8,9], 
while the wind system and the micro-turbine are connected to the DC-bus through an 
AC/DC converter. The power flows from the DC-bus to the load thanks to the DC/AC 
converter connected to a power filter.

Figure 1. Structure of stand-alone microgrid with the integrated renewable energy source.

It is evident that the modern renewable energy system could not operate, and the 
microgrid could not be realized, without power electronics. In fact, power electronics 
converters and controllers are the most important elements in this application, and the 
efforts of power conversion designers consistently focuses on improving the efficiency 
and reducing the volumes of the conversion system [10,11]. These goals can be reached 
thanks to the continuous improvement of power electronics technologies and power con
verter topologies. Indeed, on one hand the industrial manufacturing of power components 
keeps introducing new high-performance modules and power semiconductors on the 
market [12,13]; on the other hand, newer and emerging power converter topologies are 
constantly proposed in literature. For example, in high power and/or high voltage applica
tions, the limit of the power conversion system is attributed to the power semiconductors 
capable of withstanding limited voltage and current stresses. To overcome this problem, 
academia and industry are working on new solutions of power converters [14-16]. Thus, 
the use of multilevel configurations allows the arrangement of power conversion systems 
with power semiconductors that are required to withstand only a fraction of both the overall 
DC-bus voltage and the converter output current. This usually allows higher switching 
frequency fsw and, therefore, multilevel configurations lead to significant improvements 
in terms of quality of both voltage and current waveforms without giving up the benefit 
of high efficiency and high-power density. Furthermore, the weight and volume of the 
converter passive components are likely to be reduced [14-17], which is very appealing for 
several applications, where the overall size and weight of the electrical generating system 
needs to be minimized. Given the high number of benefits, more and more multilevel 
converter topologies are proposed in the literature [17-21]. It is understood that multilevel 
topology can act on the voltage stress of the power semiconductors, leaving their current 
ratings unchanged. To reduce the current stress flowing through the power semiconductors, 
more parallel cell converters can be used. Thus, the power semiconductors with low current 
rating can be chosen, leading to an improvement in the conduction losses. As another ad
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vantage, parallel converters enhance the current ripple, resulting in a further improvement 
of the waveform quality. Obviously, the multilevel converters present some disadvantages, 
such as the reliability and cost. In fact, the number of power semiconductors in multilevel 
converters increases as the number of the voltage levels increases, and, therefore, we could 
think that cost and reliability worsen. However, some multilevel topologies proposed in 
the literature have fault tolerance capability [22-24]. Additionally, even if the number of 
power devices increases, there is a reduction in passive devices, which leads to less use of 
copper and iron. These materials, actually, are more expensive than power semiconductors. 
Naturally, the real disadvantage of having many devices could lie in the driver circuits 
used for switching the devices [25]. Moreover, tuning the control algorithm could also 
be more complicated, given the difficulty in finding an analytical model of the multilevel 
converter [26,27]. Nevertheless, apart from the analytical effort required to find the control 
law, the continuous trend of increasing the controller performance and memory size along 
with the reduction in the cost has now reached a point where the increase in the number of 
power semiconductors is not such a disadvantage. Multilevel converters based on Neutral 
Point Clamped (NPC) and T-Type topologies have been proposed using Super-junction 
MOSFETs [17,18]. Here, the peak efficiency is estimated to be above 99%. A five-level 
T-Type converter able to reach an efficiency of 99.2% using only SiC technology is presented 
in [19]. In this paper, the confirmed power density and specific power are 1.4 kW/dm3 and 
2.5 kW/kg. In [20] a three-phase T-Type converter, called Swiss Rectifier, has been designed 
using SiC power devices. The declared peak efficiency and power density were 99.26% and 
4 kW/dm3, respectively. A hybrid Five-Level Active NPC Inverter that uses SiC and is able 
to achieve a peak efficiency above 98% has been proposed in [21].

One of the goals of the proposed paper is analyzing, designing, and testing the 305L 
E-Type MMR and the 305L E-Type Multilevel-Multicell Inverter (MMI) to obtain high, effi
ciency, power density and specific power by using only silicon (Si) power semiconductors. 
For this purpose, the operation modes of the proposed converters are clearly explained 
and a solution to balance the DC-bus voltages is discussed. Then, the investigation focused 
on the design of the proposed converters; an analytical approach to calculate the device 
stress is presented to select the suitable power semiconductors. Starting from this analysis, 
the power semiconductors have been selected and the efficiency as a function of the power 
has been analytically calculated for both converters. The theoretical investigation has been 
supported by the model of the converters created in the Matlab/Simulink and Plexim/Plecs 
environments. A prototype of the converters has been built and the proposed MMR and 
MMI are integrated on the same power board to reduce the power density. Furthermore, 
the control structures for both MMR and MMI to be used in microgrid applications have 
been implemented and verified through preliminary simulations. Finally, experimental 
tests have been performed in order to confirm the obtained theoretical analysis. This paper 
is organized as follows: the topology, the operation principle, and the voltage unbalancing 
issue of the 305L E-Type MMR and 305L E-Type MMI are presented in Section 2. The 
hardware aspect design of the proposed rectifier and inverter are illustrated in Section 3. 
Based on the proposed rectifier and inverter, the control strategies regarding stand-alone 
microgrid applications have been discussed in Section 4. Simulation results and exper
imental results from a laboratory prototype are shown in Sections 5 and 6, respectively. 
Conclusions are presented in Section 7.

2. Operation Structure of 3-Phase 5-Level E-Type MMC
2.1. 305L E-Type MMR and MMI

The circuit of the 305L E-Type MMR is illustrated in Figure 2. A single-phase of the 
rectifier has two cells: cell 1 and cell 2. This converter is based on both I-Type and T-Type 
topology [28-30]. In fact, each cell is composed of two I-Type legs connected to the T-Type 
leg. The power flows in one direction in the 305L E-Type MMR due to the presence of the 
diode into the T-Type cell. The two cells are connected in an interleaving manner, using an 
intercell transformer (ICT). The advantages of paralleling the cells using the ICT lies in the 
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fact that the phase current is equally shared between the cells, the amplitude of the total 
current ripple is reduced, and the harmonic contents of the voltage at high frequency is 
shifted at twice the switching frequency. The 3$5L E-Type MMI is also composed of the 
I-Type and T-Type topologies like the rectifier, as illustrated in Figure 3. Each phase has 
two cells connected through the ICT.

Figure 2. Circuit of 34>5L E-Type Multilevel-Multicell Rectifier (MMR).

Figure 3. Circuit of 34>5L E-Type Multilevel-Multicell Inverter (MMI).

According to the modulation control scheme, both converters show five voltage levels 
on a single cell, while each phase has nine voltage levels, as shown in 
Figures 4 and 5. Thus, the line-to-line voltage shows seventeen voltage levels. A carrier
based pulse width modulation (PWM) method has been implemented, taking into account 
the multiple power semiconductors of the converters. The gate signals of the power devices 
are generated by the comparison of the modulating signals with the carriers, as shown 
in Figure 6. Considering the interleaving concept, a phase displacement is applied be
tween the parallel cells in order to achieve highest quality of the output waveforms. Thus, 
four carrier signals, ct11, ct12, ct13 and ct14 (solid line) control the power devices in cell 
1, and the other carrier signals ct21, ct22, ct23 and ct24 (dashed line) in the opposite phase 
control the power semiconductors in cell 2. Furthermore, as can be seen from Figure 6, 
two devices are controlled by a single carrier signal. The switching frequency of each 
power semiconductors is fsw while the output waveform effective switching frequency is 
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twice fsw . This phenomenon, present in the interleaved converters, is usually called the 
multiplicative effect of the effective switching frequency, and leads to a drastic reduction in 
the output filter.

Figure 4. Phase-to-neutral switching voltage ua1(sw) (or ua2(sw)).

Figure 5. Line-to-line switching voltage ua(sw) (or uu(sw)).

Figure 6. Modulation control scheme for power semiconductors located in a single-phase of the inverter.
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2.2. Balancing Circuit
The main problem of the multilevel converter based on T-Type or E-Type topologies is 

the unequal voltage across the DC-bus capacitors [31-33]. This problem cannot be solved 
in a simple way with a control algorithm due to the uncontrollable current flow through 
the internal nodes [28] of the capacitors. The only chance to balance the DC-bus capacitors 
of the 34>5L E-Type converters is to use an external circuit. The focus of this paper was not 
to study the unbalanced voltage capacitor problem. Here, two series resonant balancing 
circuits (SRBCs) have been used to solve the voltage unbalancing problem. Figure 7 
illustrates the circuit and the implemented prototype of the SRBCs.

Figure 7. Series resonant balancing circuit prototype.

The SRBCs were built with four Semitop3 SK75GB066T modules (rated 60 A—600 V), 
4 pH and 16 pF as resonant total inductance (Lri/Lr2) and total capacitance (Cr 1 /Cr2), 
respectively. Furthermore, one DC-bus film capacitor and two DC-bus electrolytic capaci
tors were used as a DC link. The energy was transferred from the capacitor CB1 to CB2 and 
from the capacitor CB3 to CB4 through the capacitors CR1 and CR2. The auxiliary inductors 
LR1 and LR2 were used to achieve a zero-current switching (ZCS) condition. The power 
semiconductors were driven with complementary control signals with a constant duty cycle 
at 50%; no control loops and sensors were required with the system being self-balanced. 
These two SRBCs were used to balance the voltage across the capacitors to ensure equal 
DC currents iC1 = iC2 = iC3 = iC4.

3. Hardware Design and Prototype of E-Type Topology
The 34>5L E-Type MMR and MMI have been designed to maximize the efficiency, 

power density, and specific power, without sacrificing the quality of the voltage and current 
waveforms. To accomplish these tasks, different actions have been carefully carried out.

The capacitors of the DC-bus have been chosen considering the maximum peak-to- 
peak voltage ripple AVbus equal to 100 V and the estimated Root Mean Square (RMS) 
current flow through the capacitors in the case of an asymmetric load condition. The 
DC-bus current harmonics were compensated by the SRBCs except the 100 Hz component, 
which had to be compensated by the capacitors. For this reason, the DC-bus capacitors 
were selected according to (1), where NS and NP were the numbers of series and parallel 
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capacitors, and ICBUS was the RMS current at double fundamental frequency defined in 
Equation (2).

2 V2 NsNp T 
CBUS = (2n100)AVbus ICBUS

U0I0
ICBUS 1100Hz = —r=r~7-----

2VBUS

(1)

(2)

In (2), U0 is the RMS voltage, I0 is the RMS load current, and VBUS is the total voltage 
across DC-bus capacitors. According to (1) and (2), six parallel and four series electrolytic 
capacitors, each one equal to 220 pF, 220 V were chosen as DC-bus capacitor tanks.

The power semiconductors were carefully selected considering the maximum voltage 
and current stress that the power components are able to withstand. Figure 8 shows the 
maximum voltage stress across the power semiconductors of a single cell of the inverter 
and rectifier.

Figure 8. Maximum voltage stress that each cell of the E-Type Rectifier and Inverter can withstand at 
a steady state.

As can be seen, the switches Sx,21, Sx,22 and the diodes Dx,21, Dx,22, with x G {1R, 2R} 
and x G {11, 21}, have the maximum voltage stress equal to 3/4Vbus compared to the other 
power semiconductors. Naturally, the overvoltage related to the commutated current must 
be added to this blocking voltage but, as explained in [34], the overvoltage commutation 
only appears when the blocking voltage at a steady state is equal to 1 Vbus• Concerning 
the current stress, the use of parallel cells helps to reduce the current stress of the power 
semiconductors. To obtain the current stress of each power semiconductors, an analytical 
procedure has been performed. Particularly, the average (AVG) and the root mean square 
(RMS) currents flowing in the power semiconductors located in the rectifier and inverter 
are expressed in Equation (3), where M0R is the modulation depth of the rectifier, Iin is the 
RMS phase current of the rectifier, M0I is the modulation depth of the inverter, I0 is the 
RMS phase current inverter, and aRMS,i, bRMS,i, aAVG,i, bAVG,i, aRMS,j, bRMS,j, aAVG,j, bAVG,j are 
the coefficients related to the switches of the rectifier (i-index) and inverter (j-index). The 
derivation of Equation (3) requires very complex analysis, and it is beyond the scope of this 
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discussion. A simplified discussion to obtaining the Equation (3), including the coefficients, 
is discussed in detail in Appendix A.

iRMS,R (t) = )]InMR ( aMR- + bRMS,i) 

\avvg,r(t)l = .M (aMRr + bAVG,i) 

I lo-u.   I lout2 M0I ( aRMS,j । K \
iRMS,I(t) = d 24n \~M0j + bRMS,j J 

|iRMS, I (t )l = ^^(Mj + bAVG j

(3)

Starting from this analysis, the selected power semiconductors of the 34>5L E-Type 
Rectifier and Inverter are listed in Table 1. To improve the power density and the spe
cific power, the 3d>5L E-Type MMR and MMI were integrated on the same power board. 
The power switches of the rectifier and inverter were driven by three boards, each one 
controlling a single-phase of the rectifier and inverter.

Table 1. Power semiconductors used to build the 3®5L E-Type MMR and MMI with xE {1R, 2R} and 
yE {11,21}.

Device Part Number
Voltage 
Rating

Current 
Rating

Technology Manufacturer

3<E5I. E-Type MMR

Sx,11, Sx,12

Sx,31, Sx,32
IPT210N25NFD 250 V 69 A OptiMOSTM

3
Infineon

Dx,21, Dx,22 IDP30E120 1200 V 30 A Si Diode Infineon

Sx,23, Sx,24 IPL60R104C7 650 V 20 A CoolMOSTMC7

3<E5I. E-Type MMI

Sy,11, Sy,12, 

Sy,31, Sy,32
IPT210N25NFD 250 V 69 A OptiMOSTM

3
Infineon

Sy,21, Sy,22 IKW40N120H3 1200 V 40 A IGBT H3 Infineon

Sy,23, Sy,24 IKW20N60T 600 V 20 A Trenchstop™
IGBT Infineon

The Infineon integrated circuit (IC) (part number 1EDI60I12AF) was employed as a 
gate driver chip. The printed circuit boards (PCBs) of the power board and the gate driver 
board have been optimized to reduce the current path during the commutations; in this 
way, the commutation inductance, i.e., the resulting inductance in the commutation circuit, 
has been reduced, and with it also the overvoltage commutation.

Additionally, because the high gate driver signals result from the high number of the 
power switches located in the 3d>5L E-Type MMR and MMI, the interconnecting board 
which routes all the signals between the diver boards to the control board has been built.

Finally, the input and output filters have been designed to reduce the volume and 
to obtain high quality of the input currents in the rectifier side and high quality of the 
output voltages in the inverter side. Thus, the input and output ICTs and the input and 
output inductors have been built according to the analysis proposed in [30]. The complete 
prototype of the 3d>5L E-Type MMR and MMI is illustrated in Figure 9, and features a 
power density of 8.4 kW/dm3 and a specific power of 3.24 kW/kg.
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Figure 9. Prototype of the 305L E-Type Rectifier and Inverter including the input and output power 
filters, measuring 580 mm x 300 mm x 45 mm. The power density is 8.4 kW/dm3 and the specific 
power is 3.24 kW/kg.

4. Control Interface
Figure 10 shows the block scheme of the 3O5L E-Type MMI. This converter must be 

provided with sinusoidal three-phase voltage waveforms with reduced total harmonic 
distortion (THDv). To meet this target, a multi-resonant controller [35] has been carefully 
chosen. Figure 11 illustrates the control algorithm of the 3O5L E-Type MMR connected to 
the wind source or to the micro-turbine source. As can be seen, the external speed loop 
provides the current reference to the q-controller inner loop. The task of this controller is to 
regulate the phase current to reduce the THD. The ICT circulating currents are regulated 
by adding an offset into the modulating signals with an additional loop.

Figure 10. Block diagram of the grid-side 3^5L E-Type MMI control algorithm.
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Figure 11. Block diagram of the 3$5L E-Type MMR control algorithm for wind or micro-turbine sources.

5. Simulation Results
The hardware design previously addressed has been verified using a simulation 

model realized in the Matlab/Simulink and Plexim environments. Particularly, the power 
converter models have been implemented in Plecs, while the control structures have 
been implemented in Simulink. The stress of the power semiconductors and the losses 
distribution have been evaluated in the Plecs environment, which has a specific domain 
for modeling power semiconductors. Moreover, based on the manufacturer of the power 
semiconductors, the 2D look-up tables and 3D look-up tables have been created in Plecs to 
evaluate the loss distribution. Figures 12 and 13 show the AVG and RMS current flowing 
into power semiconductors of the E-Type MMI and E-Type MMR for different values of the 
output power. Given the symmetry of the circuit, only the current flows through the power 
switches located in the bottom side of the E-Type MMI and E-Type MMR are illustrated. 
Both the analytical and experimental approaches provide the same results.
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Figure 12. Comparison between the analytical and simulation approaches of the currents flowing in the power semiconduc
tors located in the 3$5L E-Type MMI: (a) average (AVG); (b) root mean square (RMS).

As can be seen, in the inverter side the most stressed switches are Sy,21, Sy,22, while 
the least stressed switches are located in the middle leg Sy,23, Sy,24 . In the rectifier side, the 
most stressed and the least stressed power semiconductors are Dx,21, Dx,22 and Sx,23, Sx,24, 
respectively.
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(a) (b)

Figure 13. Comparison between the analytical and simulation approaches of the currents flowing in the power semiconduc
tors located in the 3<T5L E-Type MMR: (a) AVG; (b) RMS.

Based on the datasheet provided by the power semiconductor manufacturers, it has 
been possible to estimate the efficiency distribution of the proposed converters using an 
analytical approach and a simulation approach. Particularly, starting from the achieved AVG 
and RMS currents, analytical equations to estimate the losses of the converters have been 
obtained according to the method proposed in [36]. Numerical efficiency results from the 
obtained analytical equations have been compared with simulation results. Figure 14 shows 
the total efficiency of the 34>5L E-Type MMR and MMI, including the passive components, 
as a function of the power. These results have been obtained based on the selected power 
semiconductors and the operating parameters listed in Tables 1 and 2. The peak efficiency 
occurs when the power is close to 10 kW, while the efficiency at a nominal point is above 
98%. As can be seen, the simulation results closely match the analytical results. Operation 
modes and characteristic waveforms of the 34>5L E-Type MMR and MMI have been evaluated 
according to the operating point listed in Table 2.

Figure 14. Total efficiency of the 3T5L E-Type MMC as a function of the power P0: analytical result 
(green line), simulation result (orange line).
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Table 2. Operating parameters of the 34>5L E-Type MMR and MMI.

3$5L E-Type MMR 3$5L E-Type MMI

DC-Bus voltage VBUS = 600 V VBUS = 600 V

Switching frequency fsw =20kHz fsw =20kHz

Fundamental frequency fin = 100 Hz f 0 =50Hz

Modulation depth M0R = 0.93 M0I = 0.93

Figure 15 shows the output phase voltages uu, uv, uw, the phase-to-neutral switching 
voltages ua(sw), ub(sw), uc(sw), and the inductor phase currents iu, iu, iu of the 3$5L E-Type 
MMI under resistive three-phase loads. As can be seen, the voltage waveforms show a 
sinusoidal trend with very low total harmonic distortion.

Figure 15. Waveforms of the 3T5I, E-Type MMI, from top to bottom: output phase voltages uu, uv, 
uw, phase-to-neutral switching voltages uu(sw), uu(sw), uu(sw), inductor phase currents iLu, iLv, iLw.

The waveforms of the 3$5L E-Type MMR are illustrated in Figure 16, where it is 
possible to notice, from the top to bottom, the phase back electromotive force (EMF) ua, ub, 
uc, the phase-to-neutral switching voltage ua(sw), ub(sw), uc(sw), the cell-to-neutral switching 
voltage ua1(sw), ub1(sw), uc1(sw), and the electrical machine phase current ia, ib, ic.

Here, the cell-to-neutral switching voltages also show five voltage levels, while the 
phase-to-neutral switching voltages exhibit nine voltage level. Thanks to the combination 
of the proposed topology and the control algorithm, the phase currents are regulated as 
three-phase sinusoidal waveforms with low total harmonic distortion.
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Figure 16. Waveforms of the 34>5L E-Type MMR, from top to bottom: phase back electromotive force 
(EMF) ua, ub, uc, phase-to-neutral switching voltages ua(sw), ub(sw), uc(sw), cell-to-neutral switching 
voltages ua1(sw), ub1(sw), uc1(sw), electrical machine phase currents ia, ib, ic .

6. Experimental Results
Experimental results have been carried out on 20 kVA 3$5L E-Type MMC prototypes 

previously described to support the proposed analysis. The DC-bus voltage was kept at 
600 V by one port of the multi-port Dual Active Bridge (DAB) converter available in the 
laboratory [9]. The 3$5L E-Type MMR was connected to a permanent magnet synchronous 
motor (PMSM) to emulate the wind source and the 3$5L E-Type MMI was connected to the 
resistive load bench. Figure 17 shows the experimental setup of the multilevel converter 
including the SRBCs.

Figure 17. Experimental setup of the 34>5L E-Type MMR and MMI.

As can be seen from the Figure 17, the 3$5L E-Type MMR and MMI were controlled 
using two different control boards, which were based on the National Instruments sbRIO- 
9651 System on Module (SoM), as shown in Figure 18. The SoM is equipped with both 

67



Energies 2021, 14, 843

a microprocessor (gP) and a field-programmable gate array (FPGA), the control loop of 
the voltages or, in case of the rectifier side, the control loop of the currents and speed, 
run on the FPGA using 32-bit floating point arithmetic, while system managements and 
communication infrastructure are managed by the pF.

Figure 18. Control architecture with the National Instruments sbRIO-9651 System on Module (SoM).

Figure 19 shows the phase-to-neutral switching voltage uu(sw), the cell-to-neutral switch
ing voltage uu1(sw), the voltage waveform after the filter uu, and the phase current iu under 
resistive load, when the fundamental frequency f0 was equal to 50 Hz, the switching fre
quency fsw was equal to 20 kHz, and the modulation depth M0I was equal to 0.93. Figure 19 
shows the five voltage levels across the single cell converter uu1(sw) and nine voltage levels 
across the single phase uu(sw) for a fixed modulation index. Figure 20 shows the output 
voltage waveforms under resistive load. These results prove the good capability of the 
multi-resonant controller to perfectly track the voltage references and to compensate the 
harmonics introduced by dead component time.

Figure 19. 34>5L E-Type MMI waveforms, from top to bottom: phase-to-neutral switching voltage 
uu(sw), cell-to-neutral switching voltage uu1(sw), output voltage uu and phase current iu.
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Figure 20. Phase-to-neutral voltages uu, uv, uw of the 305L E-Type MMI side under resistive load.

Figure 21 illustrates the normalized harmonic spectrum of the phase-to-neutral voltage 
uu . The amplitude was normalized with respect to the fundamental. The harmonics 
magnitude from the 15th to 50th order exhibited an amplitude less than 0.1%. The THDv 
valuated up to the 50th order was close to 0.88%.
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Figure 21. Harmonic spectrum of the phase-to-neutral voltage uu

Figure 22 shows the phase-to-neutral switching voltage ua(sw), the extracted funda
mental component, the electrical machine phase current ia, and angular position Qei, when 
the fundamental frequency f0 was equal to 100 Hz, the switching frequency fsw was equal 
to 20 kHz, and modulation depth M0R was equal to 0.93.
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Figure 22. 34>5L E-Type MMR waveforms, from top to bottom: phase-to-neutral switching voltage 
ua(sw), fundamental component (extracted), electrical machine phase current ia, and angular position Qei.

Here, the nine voltage levels are also clearly visible, and the control algorithm provided 
good tracking capability, making the machine current almost a pure sinusoidal waveform. 
The normalized harmonic spectrum of the phase current normalized with respect to the 
fundamental is shown in Figure 23. The THD of the electrical machine phase current 
estimated up to the 50th order was equal to 1.95%. The efficiency of the 3$5L E-Type 
Rectifier and Inverter have been evaluated by using the PM3000A wattmeter, where one 
channel has been used to measure the input power at the DC-bus and two channels have 
been used to measure the output power through Aron’s insertion. Figure 24 illustrates 
the experimental efficiency (blue line) of the 3$5L E-Type MMR plus 3$5L E-Type MMI 
including filters. As can be seen, the peak efficiency was equal to 98.81% by using only the Si 
power semiconductors, and at nominal power the efficiency was above 98%. Furthermore, 
the experimental results showed a good matching compared to the theoretical analysis. 
Consequently, the achieved experimental point validated the theoretical performance 
analysis of the 3$5L E-Type MMR and the 3$5L E-Type MMI.

Figure 23. Harmonic spectrum of the electrical machine phase currents ia .
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Figure 24. Total efficiency of the 34>5L E-Type MMC as a function of the power P0: analytical result 
(green line), simulation result (orange line) and experimental result (blue line).

7. Conclusions
The multilevel-multicell 3$5L E-Type MMI and 3$5L E-Type MMR for stand-alone 

microgrid applications have been presented and discussed in this paper. The E-Type topol
ogy has been carefully studied with reference to the multicell interleaving configuration. 
The advantages and disadvantages of the proposed multilevel-multicell converters have 
been clearly explained. To build the prototype of the MMR and MMI, the hardware design 
process has been discussed. The prototype of the proposed multilevel-multicell has been 
built, aiming for improvements in the power density and specific power, as well as the 
power quality of the voltage and current waveforms. In fact, the complete prototype of the 
3$5L E-Type MMR plus 3$5L E-Type MMI presented a power density of 8.4 kW/dm3 and 
a specific power of 3.24 kW/kg. To evaluate the performance of the multilevel-multicell 
converters, the control strategies have been introduced with particular regard to stand
alone microgrid applications. Experimental results confirmed the effectiveness of the 
proposed multilevel-multicell converters, achieving a peak efficiency of 98.81% using Si 
power semiconductors, as well as a THDv of 0.88% and a THDi of 1.95%.
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Appendix A
The analytical approach is presented in this section to calculate the AVG and the 

RMS current flowing through the power semiconductors in the 3<I->5I, E-Type MMR and 
MMI. In general, the AVG and RMS current over one fundamental period can be found by 
Equations (A1) and (A2), where 0 = wt, w is the fundamental frequency, i is the sinusoidal 
phase current, and dd is the duty cycle of the devices.

IRMS = \J2~L [i2(0)•dd(0)] d(0) (A1)

1 n n
IAVG = 2nJo [i(0)•dd(0)] d(0) (A2)

To find the RMS and AVG currents, the duty cycles of the power semiconductors 
in both rectifier and inverter must be obtained. According to the modulation strategy 
illustrated in Figure 6, the duty cycle of the devices can be derived from Equation (A3), 
where 0in = wint, 00 = w0t, win and w0 the fundamental frequency of the rectifier and 
inverter, respectively, An,car is the amplitude of the carriers and mn,car is the offset of the 
carriers, with n =1, 2, 3, 4, andmx(0in), my(00) are the modulation index of the rectifier and 
inverter, respectively, defined in (A4), with z E {A, B, C} and w E {U, V, W} and k = 0,1, 2.

drectdvices (0in ) = A,,,.n,car

dinv, devices ( 0 0) = A~ ~n,car

(A Car - mn,car'} + mz (0in)] 
Ahr - mn,car^ + mw (00)]

mz (0in ) = M0R sin(0in - k2y) 

mw(00) = M0I sin(00 - k2y)

(A3)

(A4)

Substituting (A4) into (A3), the duty cycles for each power semiconductors in the single 
cell rectifier and inverter can be expressed as (A5) and (A6), where a1r = arcsin(0.5/M0r) 
and a1I = arcsin(0.5/M0I) are the angles between the carrier signals and the modulating 
signals of the rectifier and inverter, respectively. Replacing (A5) and (A6) into (A1) and 
(A2), and performing some algebraic manipulations, the RMS and AVG currents in each 
power semiconductors can be written as in Equation (3), where the coefficients aRMS,i, 
bRMS,i, aAVG,i, bAVG,i, aRMS,j, bRMS,j, aAVG,j, bAVG,j are listed in Tables A1 and A2.

dSx ,11(0in) = | 

dSx ,12(0in) = | 

dDx,21 (0in ) = |

dDx,22 (0in) =
dSx,23 ( 0in ) = । 

dSx,24 ( 0in ) = । 

dSx,31 (0in ) = |

dSx,32(0in) =

0
-1 - 2M0R sin(0in )
1
2[1 + M0R sin(0in)]
0 0in E [0, n]
1 0in E [n,2n]
1 0in E [0, n]
0 0in E [n,2n]
1 - 2M0R sin(0in)
0
1
1
1 + 2M0R sin(0in)
0

1
2[1 - M0R sin(0in)] 
-1 + 2M0R sin(0in )
0

0in E [0, n], 0in E [n, n + a 1], 0in E [2 n - a 1 R,2n]
0in E [n,2n - a 1 r]
0in E [0, n], 0in E [n, n + a 1 r], 0n E [2 n - a 1 r,2n]
0in E [n + a 1 R,2n - a 1 r]

0n E [0, a 1 r], 0in E [n - a 1 r, n]
0in E [a 1 R, n - a 1 R ]
0in E [ n,2 n]
0in E [0, n]
0n E [n, n + a 1 r], 0r E [2 n - a 1 r,2n]
0in E [ n + a 1 R,2 n - a 1 R]

0in E [0, a 1 R], 0R E [n - a 1 r, n], 0in E [n,2n]
0in E [ a 1 R, n - a 1 R]

0in E [a 1 R, n - a 1 R ]
0in E [0, a 1 R], 0in E [n - a 1 R, n], 0in E [n,2n]

(A5)
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dSy ,11 (6 0) =
dSy ,11 (6 0) = ।

dSy ,21 (6 0) = । 

dSy,22 (60) = ।

dSy,23 (60) = । 

dSy,24 (60) = ।

dSy ,31 ( 6 0) = { 

dSy,32 (60) =

0 60 e [0, n], 60 e [n,a 1 I + n], 60 e [2n - a 1 1,2n]
—1 — 2M0I sin(60 ) 60 e [a 1 I + n,2n — a 1 I]

1 60 e [0, n], 60 e [n, a 1I + n], 60 e [2 n — a 11,2n]
2[1 + M0I sin(6I)] 60 e [a 1I + n,2n — a 1I]

0 60 e [0, n]
—2M0I sin(6I) 60 e [n, a 1 I + n], 60 e [2 n — a 1 1,2n]

1 6 0 e [ a 1I + n ,2 n — a 1I ]
2M0I sin(6I) 60 e [0, a 1 I], 60 e [n — a 1 I, n]

1
0

1 — 2M0I sin(6I)
0
1
1

1 + 2M0I sin(6I)
0
1

2[1 — M0I sin(6I)] 
0

—1 + 2M0 sin(6I)

6 0 e [ a 1I, n — a 1I ]
6 0 e [ n ,2 n ]

60 e [0, a 1I], 60 e [n — a 1I, n]
6 0 e [ a 1I, n — a 1I ]

6 0 e [ n ,2 n ]
60 e [0, n]

60 e [n,a 1 I + n],60 e [2n — a 1 1,2n]
6 0 e [ a 1I + n ,2 n — a 1I ]

60 e [0, a 1I], 60 e [n — a 1I,n], 60 e [n,2n]
6 0 e [ a 1 I, n — a 1 I ]

60 e [0, a 1I], 60 e [n — a 1I, n], 60 e [n,2n] 
6 0 e [ a 1 I, n — a 1 I ]

(A6)

Table A1. 3O5L E-Type MMR power semiconductor coefficients of the RMS and AVG currents.

i Power 
Semiconductor Coefficients

1 Dx,21, Dx,22
aRMS,1
bRMS,1

aAVG,1 
bAVG,1

= 3 n — 6 a 1 r — 3 sin(2 a 1 r )
= 8(cos(a1R) + 2)(cos(a1R) — 1)2
= 2 cos(a1R)
= 2a1R — sin(2a1R)

2 Sx,11, Sx,32
aRMS,2
bRMS,2

aAVG,2
bAVG,2

= 3 n — 6 a 1 r + 3 sin(2 a 1 r )
= —4 cos(a1R) cos2 (a1R) — 3
= —2 cos(a1R)
= sin(2 a 1 r ) — 2 a 1 r + n

3 Sx,12, Sx,31
aRMS,3

bRMS,3

aAVG,3 
bAVG,3

= 3( n — 2 a 1 r + sin(2 a 1 r ))
= 2 cos(a1R) cos2 (a1R) —3 +(cos(a1R) + 2)(cos(a1R)
= 4 cos(a1R)
= 4 a 1 r — 2 sin(2 a 1 r ) — n

-1)2]

4 Sx,23, Sx,24
aRMS,4
bRMS,4

aAVG,4
bAVG,4

= 2 [2a 1R — sin(2a 1R)]
= 2(cos(a1R) — 1) (—cos(a1R) — 2)
= 2(1 — cos(a1R))
= sin(2a1R) — 2a1R
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Table A2. 3^5L E-Type MMI power semiconductor coefficients of the RMS and AVG currents.

Poweri
Semiconductor

Coefficients

1 Sy,21, Sy,22

aRMS,1 = 3n - 6a 1I — 3 sin(2a 1I) + 6sin(2a 1I) cos2(tyo)

bRMS,1 = — 4sin(tyo)2 + 6sin(+ tyo) — 2si^3a2Li + tyo) + sin(3a 11 — tyo)
—6cos( a 11) + 8cos( ty o) — 3cos( a 1I — 2 ty o)

aAVG,1 = 4 cos(a1I) cos(tyo)
bAVG,1 = 2 sin(a1I) + cos(tyo)[4a1I— 2 sin(2a1I) — 2tyo]

2 Sy,11, Sy,32
aRMS 2 = 6a 1I — 3n + 3 sin(2a 1I) — 3(1 + cos(2tyo)) sin(2a 1I) 
bRMS,2 = 8 cos3 (a1I) + 24 cos2(tyo) cos(a1I) — 12 cos3(a1I) cos(tyo)
aAVG,2 = —2 cos(tyo) cos(a1I)
bAVG ,2 = cos( ty o )[sin(2 a 1 I) — 2 a 1 I + n ]

3 Sy,12, Sy,31
aRMS,3 = 3 [n — 2a 1 I + sin(2a 1 I) cos(2tyo)]
bRMS ,3 = 2 [3 — 12cos( a 1 I)+ 4cos( ty o) + cos(2 ty o) — 6cos(2 ty o) cos( a 1 I)+

+2 cos(3a1I) cos(2tyo)]
aAVG,3 = 8 cos(a1I) cos(tyo)
bAVG,3 = 2sin(tyo) + 2a 1 I cos(tyo) — 2tyocos(tyo) — 3sin(2a 1 I) cos(tyo) — n cos(tyo)

4 Sy,23, Sy24
aRMS,4 = 3a1I — 3 cos(2tyo)cos(a1) sin(a1I)
bRMS,4 = —6 + 6cos(a1I) — 2 cos(2tyo) + 6 cos(2tyo) cos(a1I) — 4 cos(2tyo) cos3 (a1I)
aAVG,4 = 2 — 2 cos(tyo) cos(a1I)
bAVG,4 = —2 cos(tyo) + sin(2a1I) cos(tyo) — 2a1I cos(tyo) +2tyo cos(tyo)
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Abstract: This paper focuses on the investigation and implementation of a high-performance power 
conversion system to reduce the overvoltage phenomenon in variable speed electric drive applica
tions. Particularly, the pros and cons of using Silicon Carbide power MOSFETs in the power converter 
when a long power cable is employed in electric motor drive systems has been addressed. The 
three-phase two level inverter with the addition of snubber circuits that consist of capacitors and 
diodes has been investigated, designed and tested in order to mitigate the overvoltage problems 
without sacrificing the conversion efficiency. Given that the snubber circuit added to the switches 
can increase losses, an additional circuit is used to recover the energy from the snubber circuit. The 
proposed analysis has been then validated through an experimental campaign performed on the 
converter prototype. The experimental results show that the proposed converter can reduce the 
overvoltage at the electric motor terminals with excellent conversion efficiency compared to the 
classical solution like the three-phase two level inverter.
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1. Introduction
Nowadays, thanks to continuous improvement of power electronics technologies, 

Wide-Band-Gap (WBG) switching devices are now reaching a satisfactory level of matu
rity and their performance and capabilities are very useful and promising for very high 
efficiency applications [1,2]. Among WBG devices, the most technologically mature are 
Silicon Carbide (SiC) based switches [3]. Using the SiC power semiconductors allows 
the switching rate to increase so that small power losses can be achieved. Alternatively, 
keeping constant the power losses, it is possible to increase the switching frequency leading 
to a reduction of volume and weight of passive energy-storage components. For this reason, 
being able to integrate components like inductors and capacitors, it is now possible to 
maximize the power density of the power conversion system. Furthermore, SiC power 
semiconductors present higher voltage-blocking capability and lower on-state resistance 
compared to silicon based power semiconductors, as well as several benefits related to 
thermal management, so they are perfect for high temperature applications [4-6]. Partic
ularly, given that the SiC power semiconductors can operate at extremely high junction 
temperatures, it is either possible to increase the power density of the whole converter 
system by decreasing the size of the heatsink, or to reach higher voltage applications 
without the need to enlarge the heatsink. However, in some cases, the high-power density 
and the high efficiency can be achieved using sophisticated power conversion topologies, 
avoiding SiC power semiconductors [7-10]. In these cases, the complexity of the conversion 
system control strategy increases, due to the large number of power devices [11,12]. The 
SiC power Metal-Oxide-Semiconductor Field-effect Transistors (MOSFETs) will outshine 
Insulated Gate Bipolar Transistors (IGBTs) in all drives applications where the use of long 
cables and short circuit capability is not needed [13]. For example, in the automotive
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applications SiC power MOSFETs are already a viable alternative to replace IGBT [14]. In 
this application, it is not requested to have short circuit capability for the semiconductors 
and, due the presence of really short length connection, the dV/dt should be limited only 
to prevent Electro Magnetic Interference (EMI) problems and Radio Frequency (RF) os
cillations [15]. Unfortunately, as always happens, there are several drawbacks linked to 
the high switching rate of SiC devices. These drawbacks become more evident when SiC 
power semiconductors are used inside of the power conversion systems in which there 
is not a filter or, more generally, a component between the converter and the load that 
reduces the semiconductor switching dynamics, like in the case of inverter fed electric 
drives [16,17]. In variable frequency drive applications one of the biggest drawbacks in 
using the high dynamic devices like SiC power MOSFETs is linked to the overvoltage 
at the electric motor terminals. In fact, a higher switching rate leads to overvoltage at 
the motor terminals [17,18]. This additional value of the voltage applied at the motor 
terminals is repeated at every commutation, during both turn-on and turn-off. Thus, a high 
stress at motor insulation system can result in a sensible reduction of the motor life [17,19]. 
Overvoltage problems in Variable Frequency Drives (VFD) have been known since 1980s, 
when Bipolar Junction Transistors (BJTs) were replaced by the more performant IGBTs [20]. 
The overvoltage at the motor terminal may be described using the travelling wave and 
reflection wave theory [21,22], due to the impedance mismatch between the cable-motor 
and the cable-inverter. In addition to the impedance mismatch between the various element 
that compose the electrical drive, the magnitude of the overvoltage at the motor terminal 
depends on several factors, such as cable length, rise time of the semiconductor devices, 
modulation strategy of the converter and layout of the power converter [20,23]. In fact, 
longer length gives higher overvoltage, as well as higher dV/dt gives higher overvoltage. 
Furthermore, the control strategy of the converter combined with fast rise time and long 
cable lengths can lead to motor stress greater than two times the value of the DC-bus 
voltage [24]. Moreover, higher switching rate leads to excitation of capacitive parasitic 
components which become paths for common mode (CM) and differential mode (DM) 
noises (EMI), bringing additional motor insulation problems and high frequency current 
components flowing through the grounding path [25]. A further drawback is the excitation 
of shaft voltage due to the electromagnetic coupling between the stator and the rotor of 
the electric machine, which allows parasitic currents (bearing currents) to flow through 
bearings resulting in their premature damage [26].

There are several common techniques to limit and to reduce the switch dynamic in 
the motor drive applications [27-36]. The first technique is to use the passive filters at 
the output of the converter since they are easy to use and they can be found easily in 
the market [28,29]. The second one is to use the gate drivers to shape the dynamic of the 
semiconductor and the third one is to increase the gate resistance value [15,27]. These latter 
solutions, in some cases, can increase the switching losses of the power semiconductors, so 
that the performance of the converter gets worse. To limit and to reduce the overvoltage at 
the motor terminals some advanced techniques and/or topologies have been proposed 
in the literature [28-36]. In [18] two different solutions based on the Cascaded H-Bridge 
multilevel converter and two-level inverter equipped with active gate drivers are proposed, 
while in [28] an active terminal filter is presented, and it is compared with the common 
RLC and RC filters. A three-level neutral point clamped transformerless medium-voltage 
converter combined to the passive filter used to address the common-mode voltage issues 
has been presented in [29]. In [30,31] the soft-switching snubber inverter is used to reduce 
the overvoltage on the motor side when both the voltage source inverter equipped with 
high-speed semiconductor devices and the long power cables are employed. The solution 
proposed in [30] consists in a simple modification of a two-level inverter by adding a 
diode-capacitor snubber for each switch of the inverter (snubber two-level inverter). The 
diode-capacitor snubber is like a conventional resistor-capacitor-diode (RCD) snubber, but 
it is arranged in a different way. Furthermore, an energy recovery circuit is shared by 
all the snubber circuits in order to recover the energy dissipated by the passive devices.
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In [32] a design procedure for a passive electromagnetic interference filter based on the 
parallel connection of the inductors and the resistors has been proposed for reducing the 
overvoltage at the motor terminals. In [33] the mitigation of the overvoltage for an open
end winding motor configuration has been presented using two parallel power converters 
without employing passive filters, whereas in [34] the overvoltage is reduced thanks to 
the active reflected wave canceller circuit. In [35] a modular multilevel converter (MMC) 
with a filter capacitor and the arm inductors has been proposed to reduce the overvoltage 
at motor terminal. A soft-switching circuit, entitled the auxiliary resonant soft-edge pole 
(ARSEP), has been proposed in [36] to mitigate the dV/dt.

The goals of this paper are to investigate, to analyze, and to implement a possible 
solution to reduce the overvoltage across the electrical motor when a long power cable and 
fast dynamic power semiconductors are used in variable speed electric drives, avoiding 
the presence of passive filters between the motor and the converter. To this purpose, a 
snubber two-level inverter (S2L Inverter) already present in the literature which makes use 
of SiC power MOSFETs has been designed and used to reduce the dV/dt of the SiC devices 
and to limit the overvoltage on the electric motor side. Furthermore, the performance of 
the S2L inverter is compared to the classical three-phase two level (2L) inverter. In the 
paper, following the introduction, the pros and cons of the SiC power MOSFETs in the 
motor drive application are presented in Section 2. Then the overvoltage phenomenon in 
motor drive application using SiC power MOSFETs is experimentally shown in Section 3. 
A case study of a power conversion system called S2L Inverter which is able to limit the 
overvoltage issue in motor drive application is discussed in Section 4. The experimental 
results from a S2L laboratory prototype are illustrated in Section 5. Conclusions are finally 
presented in Section 6.

2. SiC Power MOSFETs in Motor Drive Applications: Pros and Cons
In several industrial drive applications, the inverter and the electric motor are located 

in different places. Consequently, the use of long length feeding cable is necessary. Due to 
the presence of the long cable and motor, the inverter load is not anymore only resistive 
and inductive, but the high value of parasitic capacitance of the entire system changes the 
load in an inductive, resistive and capacitive load.

SiC MOSFETs can be excellent candidates in motor drive application. Compared to 
Si IGBTs they have better performance at low load conditions, lower switching losses, an 
intrinsic body diode with low recovery energy and the possibility to work in synchronous 
rectification helps a lot to reduce the total amount of power losses. These advantages of the 
SiC MOSFET over the IGBT have been supported by experimental tests. Figure 1 shows the 
experimental setup used to test the switching commutation of the power semiconductors 
when a long cable is connected to the electric motor. Looking at the figure, it is possible 
to recognize a 7.5 kW induction motor (part number: M2QA132S2B), the power cables of 
2.5 m and 15 m with a section area equal to 4 mm2 (Igus, part number: CF38.60.04) and 
the inverter. The inverter has been equipped with different switching components and 
the characteristics and operating parameters of each power semiconductor used as Device 
Under Test (DUT) are listed in Table 1.
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Figure 1. Experimental setup used for testing the effect of the long power cable connected to the 
motor on the power semiconductors.

Table 1. Operating parameters of each power semiconductors used as DUT.

Part Number IKW40N120T2 IGBT A IGBT B IGBT C IMW120R045T1

Package TO 247-3 TO 247-3 TO 247-3 TO 247-3 TO 247-3
Technology Si Si Si Si SiC

RGon [O] 20 47 20 10 33.2
RGoff[O] 21 48 21 11 33.2

VGE or VGS on [V] 12 12 15 15 20
VGE or VGS off [V] -15 -15 -5 -5 -5

VBUS [V] 330 330 330 330 520
IPhase RMS [A] 14.1 14.1 12.6 12.6 14.4

Modulation depth M0 1 1 0.95 0.95 0.95
fsw [kHz] 10 10 10 10 10
f0 [Hz] 50 50 50 50 50

Dead-Time [ ^s] 1.8 1.8 1 1 1

To evaluate the thermal response of the different power switches, the case temperature 
of the device under test was checked every 10 s with a Negative Temperature Coefficient 
(NTC) sensor directly placed on the case. The power switches in all tests have been turned 
on and turned off every 60 s, as shown in Figure 2.

The thermal behavior demonstrates a huge improvement in terms of temperature per
formance of the SiC MOSFET (IMW120R045T1) compared to the IGBTs. This result shows 
that using the SiC MOSFET is possible to obtain one of these improvements: (1) higher 
efficiency of the power conversion system at the same switching frequency; (2) keep
ing constant the efficiency is possible to increase the switching frequency; (3) heatsink 
lower volume.
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Figure 2. Thermal behavior of the power semiconductors in motor drive application.

The loss reduction of power semiconductors is the key point to increase the power 
density of the conversion system. Increasing the power density, it is possible either to 
shrink the system physical dimensions with the same power rating or to maintain constant 
the physical dimension constant and increase the power rating of the converter. The less 
effort in power dissipation is also an important sales point, given that less power losses 
of SiC MOSFETs can lead to a reduction of both the cooling effort per power unit and 
the cooling cost per power. Naturally, there are also drawbacks of using SiC MOSFETs in 
motor drives applications. The first one is related to the overload condition requested in 
this kind of application. Typical overload values are: (1) 150% to 180% of the rated current 
per 60 s for the standard drives, (2) 200% to 300% of the rated current per 3 s for the servo 
drives. At heavy loads, IGBTs have a better conduction performance compared to SiC 
MOSFETs, as well as easier short circuit detection. The second big drawback is the short 
circuit capability required in industrial drives; a short circuit time withstand of8 psto10 ps 
is mandatory. Up to now only the commercial SiC MOSFETs from Infineon Technologies 
(IMW120RxxxM1) have a short circuit capability, however the time is 3 ps, which is far 
away from the requested ones. The last main drawback is high dV/dt when the SiC power 
MOSFETs are used in the VFD application.

3. Overvoltage Phenomenon in VFD Applications
In many industrial applications, the converter and the motor are at separate loca

tions. Consequently, the use of long feeding power cables is needed. It has been demon
strated [20-22] that the voltage pulses travel with speed, which is approximately half the 
speed of light (150 m/ps). If the pulse takes longer than half the rise time to travel from 
the inverter to the motor, a full reflection occurs at the motor terminals, and the pulse 
amplitude is approximately doubled. So, if tr < 2td, where tr is the voltage rise time at 
the inverter output terminals and td is the cable propagation time, the line-to-line peak 
voltage Vm on the motor side is almost two times the DC-bus voltage VBUS . Thus, the 
voltage reflection is a function of both the inverter pulse rise time and the length of the 
motor cables, as well as of the impedance mismatch between motor, cables and inverter. It 
is easy to understand that using new fast dynamic devices, line-to-line voltage Vm across 
the motor side is almost two times the DC bus voltage VBUS . Furthermore, the fast switch
ing produces complex transitions that highly stress the motor insulation; as a result, the 
machine winding can fail prematurely [37,38]. The influence of the length of power cables 
connected between the converter and the motor is shown in Figures 3 and 4.
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Figure 4. Voltage waveform across the inverter and the motor during the turn-on.

The converter is composed of the SiC power module (Semikron, part number: 
26ACM12V17), while two Igus power cables (part number: CF270.UL.60.04.D) with dif
ferent lengths, 15 m and 30 m, are used to connect the converter to the motor. The figures 
shown illustrate the turn-off and turn-on of the DUT. The blue waveform is the voltage 
between the output of the phase A (middle point) and minus DC-bus VBOT,A (voltage 
across the bottom device of the phase A) and the red waveform is the line-to-line voltage at 
the motor terminal Vm when the length of the power cable is equal to 15 m. The orange 
waveform is the inverter voltage VBOT,A and the violet waveform is the line-to-line voltage 
Vm across the motor when the length of the cable is equal to 30 m. As it can be seen, the 
voltage Vm is almost two times VBUS in both the figures and the ringing expiration time 
(RET) increases when the length of the power cable increases too. If the RET is too long, 
the switching frequency fsw is limited due to the overlap of the peaks, which can lead to an 
overvoltage higher than two times the DC-bus voltage VBUS.

4. Case Study: Design of the Snubber 2-Level Inverter
A topology solution used to reduce the overvoltage issue at the motor side when the 

SiC MOSFETs power switches are used in the inverter is addressed in this section. Figure 5 
shows the electrical circuit of the S2L inverter.
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Figure 5. Electrical circuit of snubber two-level (S2L) inverter: (1) DC-bus capacitor in orange, 
(2) recovery circuit in green, (3) three-phase inverter circuit in blue, and (4) snubber circuit in pink.

The S2L Inverter is composed of four parts: (1) DC-bus capacitor, (2) recovery circuit, 
(3) three-phase inverter and (4) snubber circuit. Each switch has a snubber circuit that 
consists of one capacitor Csx,t (or Csx,b) and one diode Dsx,t (or Dsx,b), with x 6 {A, B, C}. 
Since the snubber circuit added to the switches can increase the losses, an additional circuit 
is used to recovery energy from the snubber circuit. The energy recovery circuit, connected 
between the snubber circuits and the DC-bus capacitor, is composed by the capacitor CR, 
two diodes DR,t and DR,b, and the transformer TR with unitary turns ratio, in order to 
assure the same current value in both the windings. The operation mode of the S2L Inverter 
is clearly explained in [31]; in the following the hardware aspect design is discussed.

4.1. Inverter Power Semiconductor Selection
The power semiconductors of the three-phase inverter have been selected according 

to the voltage and current stresses. The voltage rating of the switches is a function of the 
DC-bus voltage VBUS and the overvoltage, as shown in (1).

____ AV____
Vsw = Vbl + Lt diw + Vfr (1)

dt

In (1) Vbl is the blocking voltage at steady state and A V is the switching overvoltage, 
function of different parameters such as the commutation inductance Lt, the device current 
slope disw/dt and the forward recovery voltage VFR of the complementary freewheeling 
diode. In the three-phase inverter the blocking voltage VBL is equal to the DC-bus voltage 
VBUS. Thus, considering 700 V as a nominal DC-bus voltage VBUS the power semiconduc
tors must withstand at least 700 V. However, the overvoltage AV must also be considered, 
especially in motor drive applications in which, as seen in the previous section, the over
voltage can be almost two times the DC-bus voltage VBUS in case of long power cable. 
Thus, SiC power MOSFETs with at least 1200 V blocking voltage must be chosen. To select 
the current rating of the power semiconductors, the average (AVG) and Root Means Square 
(RMS) currents flowing into switches have been calculated according to Equation (2).

1 TT' . . / 1 TT'1-, .
Iavg = [ix(t)dsw(t)]dt, Irms = \ [i2x(t)dsw(t)]dt (2)T' ' T' '

11
dx,t = 2[1 + Mcsm(2nfot)], dx,b = 2[1 - Mosm(2nfot)], (3)
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IRMS,Sx = OOIOUT\J2J1n [8M0cos 9 — 671 DTfsw + 3n]
IAVG ,Sx = O [1 - C + M 4 ]

IRMS,Dx = 2IOIOUT\J21-- [—8M0cos 9 — 6nDTfsw + 3n] 
. IAVG,Dx = ^OUT- [I — ODTfw — M 4 ]

(4)

In (2), To is the fundamental period, ix = Iosin(2nf ot — 2/3kn — 9) is the phase current, 
with 9 being the phase displacement, k = 0,1, 2, x E {A, B, C}, and dsw is the duty cycles of 
the switch. Using the Sinusoidal Pulse-Width-Modulation (S-PWM), the duty cycle of the 
top and bottom devices (dx,t and dx,b) can be derived from the Equation (3), where Mo is 
the modulation depth and fo is the fundamental frequency. Substituting the (3) into (2), the 
RMS and AVG currents of the switch and diode can be written as in (4), where DT is the 
dead-time. According to this analysis the power semiconductors have been selected.

4.2. Snubber Circuit Design
The dV/dt is a function of the snubber capacitor values Csx,t and Csx,b, while the diodes 

Dsx,t and Dsx,b are used in order to block the current in one direction. During the turn-off of 
the switch Sx,t and turn-on of the switch Sx,b, the capacitor Csx,t is charged and the capacitor 
Csx,b is discharged; on the other hand, during the turn-on of the switch Sx,t and turn-off 
of the switch Sx,b the capacitor Csx,t is discharged and the capacitor Csx,b is charged. The 
recap of the turn-off of the switch Sx,t is illustrated in Figure 6, where the commutation 
inductance L7 is clearly highlighted.

Figure 6. Current path highlighted in green during the turn-off of Sx,t: (a) step 1, (b) step 2, (c) step 3, (d) step 4.

The turn-off of Sx,t occurs in four steps: after step 1, where the switch Sx,t is “on” and 
the current flows through it, the swich Sx,t is turned off, the snubber diode Dsx,t is “on” 
and the snubber capacitors Csx,t, Csx,b are respectively charged and discharged in step 2; in 
step 3, the snubber diode Dsx,b and the antiparallel diode Dx,b start to conduct the current; 
finally, in step 4, the current flows through the diode Dx,b and the switch Sx,b will be turned 
on under zero voltage. The turn-off of the bottom swich Sx,b will occur in a similar way. 
In state two the commutation inductance L7 and snubber capacitor Csx,t form a resonant 
circuit, thus the second-order differential equation can be written in (5). The solution of the 
(5) is given in (6), where wr = 1/^/L Csx,t is the resonant frequency, Zr = L / Csx,t is 
the damping factor, VCsx,t,o is the initial voltage of the capacitor Csx,t and ILo is the initial 
current of the commutation inductance L. From the Equation (6), the dV/dt across the 
power switch can be obtained as in (7).

dVC sx, t + VCsx, t = VBUS 

dt L£ Csx, t L7. Csx, t
(5)
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VCsx,t = VBUS — (VBUS — VCsx,t,0) cos(wrt) + ZrIL,0sin(wrt) (6)

dVCSx,t = Wr (VBUS - VCsx,t,0) sin(Wrt) + wr/.rl],o cos(Wrt) (7)

It can be seen from (7) that the overvoltage is a function of the commutation inductance 
L, the snubber capacitance Csx,t and the initial current value Ilq. On one hand, high value 
of the inductance U provides low value of the resonant frequency wr and high value 
of the damping factor Zr; consequently, the overvoltage will be high. The high initial 
current value also provides high overvoltage. On the other hand, the high value of the 
snubber capacitance Csx,t results in low resonant frequency wr and damping factor Zr 
values; consequently the overvoltage during the commutation will be low. Finally, from 
(7) di/dt can be written as in (8). It can be noticed that di/dt is strictly dependent on the 
inductance U and the initial current value Ilq.

di 
dt

1= (VBVbUS - Vcsx,t,0) sin(Wrt) - Wrli,0 cos(Wrt) 
L

(8)

The maximum value of dV/dt and di/dt occurs when the load current is equal to zero, 
that is when wrt = n/2, Vcsx,t,0 = 0, Il,o = 0, and they are equal to (9).

dVCsx,t

di _ 
dt

= wrVBUS
VBUS

L

(9)

From the obtained equations it is possible to select the snubber capacitors, considering 
that the commutation inductance L> depends on (1) the inductance La introduced by 
the Printed Circuit Board (PCB) tracks that connect the switching devices to the DC-bus 
capacitor, (2) the inductance LESL related to the DC-bus capacitors and (3) the inductance 
LSW associated with the die and wire bond of the power semiconductors.

4.3. Recovery Energy Circuit Design
As it can be seen from Figure 5, the energy recovery circuit is created using two SiC 

diodes, the capacitor CR and the coupled inductor properly designed. The SiC diodes are 
used to have the unidirectional circulating current. The voltage stress of the diodes Dsx,t, 
Dsx,b, is equal to the DC-bus voltage VBUS plus the overvoltage, whereas the current stress 
is very low, since they are in on-state for a short time. The transferred average power as 
energy recovery is given in (10), where A Il ,o is the current ripple related to the DC-bus 
during each switching event.

112 2
2 Csx,t + 2 Csx,bl VBUSfsw + fsw'x-AIL,o (10)

According to the analysis presented in [39], using the S-PWM with 3rd harmonic 
injection and assuming three balanced loads, the DC-bus current ripple over the interval 
0-n/3 is given in (11).

n

A IL0 = nJ
n
3

rour sin(w01 — V)] — [v2 Iout sin( w o t - 2 n)] 3 n^j >dw o t (11)

Replacing (11) into (10) and performing some algebraic manipulations, the average 
power is given in (12).

. _i_ lr , A v? f i i IOUT 
2 Csx,t + 2 Csx,b VBUSfsw + fswL^ ?

6 6 V3
1 + n

(12)
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As it can be seen, the power managed by the energy recovery circuit is a function of 
switching frequency, load current, snubber capacitors and commutation inductance.

4.4. DC-bus Capacitor Design
The DC-bus capacitors are selected according to the DC-bus capacitor RMS current 

and DC-bus voltage ripple. It can be proven from [39] that the RMS current into DC-bus 
capacitor is given in (13).

ICrms = IOUT
3 ,^V3 9 \ 2 '

------- 4 Mo I cos2 p (13)M 0 — + n

This current is a function of the phase current IOUT, modulation depth Mo, and phase 
displacement p. Figure 7 shows the normalized RMS DC-bus current ICrms /IOUT as a 
function of the modulation depth Mo when cos p = 1 and cos p =o.

Figure 7. Normalized RMS DC-bus current as a function of the modulation depth: (a) cosp =1,(b) cosp =o.

As it can be seen, the maximum value of the RMS DC-bus current ICrms occurs when 
the cosp is equal to 1 and the modulation depth Mo is between o.55 and o.6. The DC-bus 
capacitor must balance fluctuating instantaneous power on the DC-bus and its value can be 
selected according to the DC-bus voltage ripple. The required minimum DC-bus capacitor 
can be obtained from Equation (14), imposing the modulation depth Mo equal to o.5.

r _ V3(1 - Mo)MoIout
CBUS ,min = V2fsw ^ Vbus

(14)

5. Experimental Results
According to the previous analysis, the three-phase S2L prototype converter has been 

realized. Particularly, given that the DC-bus is set at 7oo V and the output power is set 
at 18 kW, 1700 V-45 mO SiC MOSFETs (part number C2M0045170D) and freewheeling 
parallel 12oo V-4o A SiC diodes (part number IDW4oG12oC5B) are selected. The snubber 
circuit is realized with one SiC diode and two Multilayer Ceramic Capacitors (MLCC). 
The chosen value of the snubber circuit capacitors CSx,t and CSx,b have been selected 
considering (7) and (8). The energy recovery circuit has been built using two SiC diodes 
(part number FFSD10120A) and a 40 pF film capacitor (part number MKP1848). Based on 
(10), the coupled inductors have been designed in order to obtain 800 pH at the nominal 
load. The core selection has been based on the Area Product (AP) method. In particular, 
the number of turns is set at 41 and the material and the shape of the selected core are 
ferrite and EE 40/20, respectively. According to (13) and (14), four 40 pF film capacitors 
(part number MKP1848) are used as a DC-bus capacitor tank. All the components used to 
build up the S2L converter are listed in Table 2. To validate the proposed analysis and to 
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obtain the overvoltage reduction at the motor side, using the SiC MOSFETs still keeping 
a high efficiency conversion, the experimental tests on the three-phase S2L inverter have 
been addressed. The experimental test setup is shown in Figure 8. It can be seen the 
three-phase S2L inverter, the synchronous machine, that is controlled by the S2L converter, 
mechanically coupled with an asynchronous machine can be controlled by an external test 
bench operating on 4-quadrants.

Table 2. Component description used to build the three-phase S2L prototype.

Reference Part Number Description

Sx,t, Sx,b C2M0045170D C2M0045170D: Cree SiC MOSFET 1700 V-45 mfi-TO247-3
Dx,t, Dx,b IDW40G120C5B IDW40G120C5B: Infineon SiC Diode 1200 V-40 A-TO247-3

DSx,t, DSx,b IDW40G120C5B Infineon SiC Diode 1200 V-40 A-TO247-3
CSx,t, CSx,b 1812SC472KAT1A AVX MLC Capacitor 4.7 nF-1500 V
DR,t,-DR,b FFSD10120A On Semiconductor SiC Diode 1200 V-10 A-DPAK

CR MKP1848 MKP1848: Vishay Film Capacitor 40 p.F 900V
TR N.A. ICE Mutual Inductor 1:1-800 u.l l-4A-E42/'20 Ferrite

CBUS 5xMKP1848 Vishay Film Capacitor 40 p.F 900 V
Current Sensor LA100-TP LEM Current Transducer IPN = 100 A
Voltage Sensor LV 20-P LEM Voltage Transducer

Heatsink SK 56/100 SA Fischer Elektronik 300 mm x 100 mm x 40 mm

Figure 8. Experimental setup with S2L prototype including the motor drive.

The S2L inverter and the electric drive are connected to each other by 15 m power 
cables (CF38.60.04 from Igus). The S2L inverter is controlled by a dedicated board based 
on the National Instruments sbRIO-9651 System on Module (SoM).

The DC-bus voltage VBUS is kept at 400 V using the DC Power Supply available in the 
laboratory. The achieved results from the three-phase S2L inverter have been compared 
to the three-phase 2L inverter with the same power devices. This latter inverter has been 
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obtained by removing the snubber circuit and the energy recovery circuit form the three- 
phase S2L prototype converter. Thus, the power semiconductors and the parasitic inductor 
Lg are completely the same in both converters. Figure 9 shows the turn-off of SA,t located 
in the three-phase 2L inverter when the gate resistance Rg = 4.70, the dead-time DT = 1 ps, 
the switching frequency fsw = 10 kHz and the power cable length lC = 15 m. When the phase 
current is equal to 4.75 A as in Figure 9a, the dV/dt in turn-on is really slow due to the total 
parasitic capacitances. The value of the voltage Vm at the motor side is only 1.285 times 
the VBUS. When the phase current increases from 4.75 A to 31.88 A the turn-off behavior is 
drastically changed, as illustrated in Figure 9b. Here, the commutation inductance shows 
the negative influences when the 2-level inverter is considered, since the dV/dt is fast 
(9.95 V/ns), and the voltage overshoot at the drain-source voltage is equal to 131 V (yellow 
track). This overshoot leads to a voltage at the motor terminals two times the VBUS (845 V). 
Figure 10 shows the turn-on and the turn-off of the SA,t located in the three-phase 2L 
inverter when the gate resistance RG =220, dead-time DT =1 ps, switching frequency 
fsw = 10 kHz and the power cable length lC =15m.

Figure 9. Turn-off of SA,t located in the three-phase 2L inverter with RG = 4.7 0, dead-time DT =1 ps, switching frequency 
fsw = 10 kHz and lC =15m:(a) phase current of 4.75 A, (b) phase current of 31.88 A. Line-to-line voltage Vm at the motor 
side (green track), drain-source voltage VDS of the SA,t (yellow track), drain current of SA,t (magenta track) and phase 
current IA (ciano track).

Figure 10. Commutation of SA,t located in the three-phase 2L inverter with RG =220, dead-time DT =1 ps, switching 
frequency fsw = 10 kHz and lC =15m: (a) turn-off, (b) turn-on. Line-to-line voltage Vm at the motor side (green track), 
drain-source voltage VDS of the SA,t (yellow track), drain current of SA,t (magenta track) and phase current IA (ciano track).
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Increasing the gate resistance from 4.7 O to 22 O for both turn-on and turn-off, the 
overvoltage at the motor terminals is slightly reduced. As it can be seen from Figure 10a 
the phase current IA is equal to 2.5 A, the dV/dt is equal to 4.5 V/ns and the voltage at 
the motor side Vm is equal to 785 V. Figure 10b shows the turn-off when the phase current 
IA is equal to 33A. Thanks to the greater values of the RG both the dV/dt and the voltage 
overshoot at the device side are reduced to 5.6 V/ns and 75 V, respectively. However, 
the overvoltage Vm is still more than double of the VBUS (811 V is 2.02 times the VBUS). 
Figure 11 shows the turn-on of the SA,t located in the three-phase S2L inverter when the 
gate resistance Rg = 4.7 O, snubber capacitors Cgx,t = 9.4 pF, dead-time DT = 1 ps, switching 
frequency fsw = 10 kHz and the power cable length lC = 15 m. It is possible to notice that the 
overvoltage at the motor side is smaller than the previous case when the 2-level inverter is 
used. The values of the overvoltage at the motor terminal are 664 V and 660 V when the 
phase current IA is 3.23 A and IA is 25.6 A, respectively (almost 1.66 times the VBUS). The 
dV/dt is equal to 2.24 V/ns and 2.06 V/ns when the phase current is 3.23 A and 26.6 A, 
respectively.

It is possible to notice that the important parameter in the overvoltage issue is not the 
dV/dt but the rise time (fall time in turn-off) of the drain source voltage. If the two times of 
the travelling time (2td) of the voltage wave is greater than the rise/fall time (tf or tr) of the 
drain source voltage, a double voltage appears at the motor terminals.

Figure 11. Turn-on of SA,t located in the three-phase S2L inverter with RG = 4.7O, CSA,t = 9.4 pF dead-time DT =1ps, 
switching frequency fsw = 10 kHz and lC =15m: (a) phase current of 3.23 A, (b) phase current of 25.6 A. Line-to-line voltage 
Vm at the motor side (green track), drain-source voltage VDS of the SA,t (yellow track), drain current of SA,t (magenta track) 
and phase current IA (ciano track).

Figure 12 shows the turn-off of SA,t located in the three-phase S2L inverter when the 
phase current is equal to 5.7 A and 31.42 A. It is possible to recognize two different dV/dt 
(yellow line): the first one related to the snubber capacitor dynamic is equal to 0.3 V/ns 
and the second one is related to the turn-on of the bottom switch. The voltage at the 
motor terminals Vm is only 52 V higher than the VBUS. When the phase current is 31.42 A 
(Figure 12b), the dV/dt is a little bit faster than the previous case (1.47 V/ns), but still no 
voltage overshoot occurs at the VDS and the overvoltage value is equal to 562 V (1.4 times 
the VBUS). The turn-off commutations of the three-phase S2L inverter occur at zero current; 
this means that all the losses are shifted to the turn-on commutations. The experimental 
efficiency of the three-phase 2L inverter and the three-phase S2L inverter is experimentally 
evaluated controlling the speed of the Permanent Magnet Synchronous Generators (PMSM) 
at constant torque. Figure 13 shows the efficiency of the three-phase 2L inverter versus 
modulations depth M0 for different values of the switching frequency (10 kHz and 15 kHz) 
and gate resistance (4.7 O and 22 O) when the power cable length lC is equal to 15 m, the 
DC-bus voltage VBUS is equal to 400 V and the phase peak current Ix is equal to 30 A.
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Figure 12. Turn-off of Saj located in the three-phase S2L inverter with Rg = 4.70, CsA,t = 9.4 iF dead-time DT = 1 is, 
switching frequency fsw = 10 kHz and lC =15m: (a) phase current of 5.7 A, (b) phase current of 25.6 A. Line-to-line voltage 
Vm at the motor side (green track), drain-source voltage VDS of the SA,t (yellow track), drain current of SA,t (magenta track) 
and phase current IA (ciano track).

Figure 13. Efficiency of the three-phase 2L inverter as a function of modulation depth M0 with 
lC=15mVBUS=400V,Ix=30A.

The efficiency shows the increasing trend when the modulation depth M0 increases. 
However, when the gate drive resistance changes from 4.7 0 to 22 0, the efficiency de
creases. The efficiency trend at fsw = 10 kHz, RG =220 is close to the efficiency curve at 
fsw = 15 kHz, RG = 4.7 0. Figure 14 shows the efficiency of the three-phase S2L inverter 
versus modulations depth M0 for different values of the switching frequency (10 kHz and 
15 kHz), gate resistance (4.7 0 and 22 0) and snubber capacitors (4.7 nF and 9.4 nF) when 
the power cable length lC is equal to 15 m, the DC-bus voltage VBUS is equal to 400 V and 
the phase peak current Ix is equal to 30 A. As it can be seen, the efficiency of the three-phase 
S2L inverter is lower than the efficiency of the three-phase 2L inverter. This is due to the 
snubber circuit losses. Furthermore, the efficiency of the S2L inverter highly depends on 
the snubber capacitor values and the switching frequency. When a capacitor value of 4.7 nF 
is used, the drop of efficiency from switching frequency of 10 kHz to switching frequency 
of 15 kHz is less than 0.5% (orange line). On the other hand, when a 9.4 nF snubber value is 
used, the efficiency drop increase to 0.7%. This happens due to the high value of the inrush 
current into snubber capacitors during the turn on, which is a function of the snubber 
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capacitor values. Higher value of snubber capacitor led to a higher inrush current. From 
the overvoltage mitigation point of view, the best S2L inverter setup happens when RG 
is equal to 4.7 Q and the snubber capacitors Csx,t and Csx,b are equal to 9.4 nF. In this 
condition, the performance of the S2L inverter is slightly lower than the 2L inverter.

—PSSS-4.7Q-9.4nF-10kHz PSSS-22Q-9.4nF-10kHz ^PSSS-4.7Q-4.7nF-10kHz
-- PSSS-4.7Q-9.4nF-15kHz PSSS-22Q-9.4nF-15kHz -- PSSS-4.7Q-4.7nF-15kHz

Figure 14. Efficiency of the three-phase S2L inverter as a function of modulation depth M0 with 
lC =15mVBUS = 400 V, Ix =30A.

6. Conclusions
The benefits of using SiC MOSFETs in the motor drive applications have been dis

cussed in the first part of this paper. The experimental tests performed on the power 
semiconductors in the first part of the paper show that SiC MOSFET (IMW120R045T1) 
allows a huge improvement in terms of temperature performance compared to the IGBTs. 
After that, the overvoltage issue when the electric drive is supplied by the converter with 
long power cables has been highlighted and supported by the experimental tests. The latter 
illustrate that the voltage at the motor terminal Vm is two times the DC bus voltage VBUS 
when the length of the power cable is equal to 15 m or 30 m. A case study of a three-phase 
two level inverter with the addition of snubber circuits has been discussed to solve the 
overvoltage problem in the motor drive application. Particularly, the prototype of the 
S2L inverter has been built according to the proposed design guidelines. Experimental 
results confirm the effectiveness of the proposed converters in significantly reducing the 
overvoltage at motor terminals and mitigating the windings insulation stress. When the 
2L inverter is used the peak voltage at the motor side is equal to 845 V and the dV/dt 
is equal to 9.95 V/ns, while in the S2L inverter the peak voltage is equal to 562 V and 
the dV/dt is equal to 1.47 V/ns. However, the conversion efficiency is slightly reduced 
compared to the three-phase 2L inverter. Considering the same operating conditions, the 
peak efficiency of the three-phase 2L inverter is equal to 0.982%, whereas the peak efficiency 
of the three-phase S2L inverter is equal to 0.976%. Consequently, the proposed analysis 
shows that by using the S2L inverter it is possible to find a good compromise between 
dV/dt, overvoltage and efficiency performance of the entire electric drive system.
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1. Introduction
The number of electricity generators powered by renewable energy sources (RESs) is 

continuously increasing because of concerns about environmental pollution and the limited 
reserves of fossil energy sources such as oil, coal, and gas [1]. Grid-connected photovoltaic 
(PV) and wind turbine (WT) generators are the most widely diffused types of RES power 
plants and their specific cost is continuously decreasing [2-4]. However, available solar and 
wind energy are affected by some factors, such as season cycle, daily cycle, temperature, 
and weather conditions, which make them intermittent and stochastic. Therefore, a power 
plant relying only on a single form of RES and without an energy storage capability can 
hardly cope with the requirements for a reliable electric power generation unit. Hybrid 
renewable energy systems (HRESs) combining more than one energy source are a viable 
solution to this problem [5] because they are effective not only in enhancing the reliability 
of power supply but also in reducing the size of energy storage systems [6,7]. However, in 
HRESs, a specific dc-dc power converter is normally used to manage each input power 
source, leading to a quite complex and expensive structure [8,9].

The multiple input power converter (MIPC) concept is a possible alternative to HRESs 
having to cope with sources with different power capacity and/or voltage levels, providing 
a well-regulated dc output voltage. Both isolated and non-isolated dc/dc multi-input 
converters find application in hybrid vehicles [10], the aerospace industry, and RES power
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plants. A non-isolated double input dc/dc converter is proposed in [11] combining buck 
and buck-boost single-input topologies, while an n-input buck-boost topology is presented 
in [12], which however could not supply the load simultaneously from different sources. A 
bidirectional multi-input dc/dc converter was also developed in [13], which is burdened by 
high conduction losses. The efficiency of an MIPC can be increased by exploitation of zero 
voltage switching approaches, as in [14,15]. Some MIPC topologies have been purposely 
developed for application in HRESs [16]. Among them, three-port dc/dc converters are of 
major interest. They feature an input port, an output one, and a storage port, enabling a 
bidirectional power flow towards/from an energy storage system (ESS). Some non-isolated 
three-port converters are discussed in [17-21].

A different approach is proposed in this paper, where a particular kind of multiple
input multi-level converter (MMC) is exploited to connect photovoltaic and wind gener
ators to an energy storage system and a three-phase ac grid. It is based on an open-end 
winding configuration, the asymmetrical hybrid multi-level inverter (AHMLI), whose 
applications on both motor drives and grid-connected generators are discussed in [22,23] 
and which has also been successfully exploited to reduce the overvoltage caused by long 
cables in PWM motor drives [24] as well as to realize a high-speed Gen-set [25,26]. In 
the present HRES application, the AHMLI topology encompasses an open-end winding 
three-phase transformer (OWT) whose primary winding operates in an open-end config
uration. The primary winding is, in fact, supplied on one side by a three-phase neutral 
point clamped (NPC) multi-level inverter (MLI) and, on the other side, by a conventional 
two-level inverter (TLI). The MLI operates at a low switching frequency (<1 kHz), thus 
featuring very low switching power losses. It is tasked to control the active power supplied 
to the grid, while also managing N - 1 unidirectional input power flows, being N the 
number of the output voltage levels. Thus, N - 1 energy sources (ESs) such as photovoltaic 
(PV) strings or wind turbines (WTs) can be managed without the introduction of additional 
dc/dc power converters. Moreover, it can also accomplish a multi-channel maximum 
power point tracking (MPPT) function at the string level on PV arrays. Compared with the 
MLI, the TLI operates at a high switching frequency, but at a lower dc bus voltage. It is 
tasked to control the grid current and to compensate for low-order current harmonics and 
unbalanced components. Moreover, its dc-bus can act as the storage port of a three-port 
dc-dc converter, enabling the connection of an energy storage system (ESS) to the HRES. 
In other words, energy sources connected to the MLI are managed by the TLI, avoiding the 
introduction of dc/dc power converters.

The paper is organized as follows. Section 2 presents the proposed approach and its 
application to 5LI + TLI and 3LI + TLI topologies. In Section 3, the operations of these topolo
gies are discussed. Simulation and experimental results are presented in Sections 4 and 5, 
respectively. Finally, Sections 7 and 8 concern the discussion and conclusion.

2. The Proposed MMC Topology
The proposed MMC for HRESs, tailored around the AHMLI topology, is shown in 

Figure 1. The primary winding of the three-phase transformer is connected to an N-level 
NPC inverter on one side and to an auxiliary TLI on the other side. The secondary winding 
is instead connected to a three-phase ac grid. The NPC inverter, which acts as an N-level 
multi-input converter, encompasses N - 1 DC-bus capacitors Cj, each one connected to a 
dc power source of voltage Vck (k =1,2,3,N - 1). According to the AHMLI topology and 
assuming that the two inverters are supplied by two independent power sources, Vdc and 
Vdc", a phase voltage Vpj (j = 1,2,3,) of the primary winding of the OWT is given by:

Vpj = VNPCj - VTLIj - VO'O" = 2l-2 VDC - (2l" — 1) VDDC/2 — VO'O" 
l = 0,1,2 l" = 0,1

(1)

where VNPCj is the NPC output j-phase voltage referred to the mid-point O' (Equation (2)), 
VTLIj is the TLI output j-phase voltage referred to the mid-point O" (Equation (3)), Vdc" is 
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the dc-bus voltage of the TLI, Vdc' is the total dc-bus voltage of the NPC, and Vo'o" is the 
voltage between the mid points O' and O" of the dc-buses of the two inverters (Equation (4)).

2l' - 2 ,
VNPCj = --- VDC l' = 0,1,2 (2)

2l" - 1 ..
VTUj = ——- VDC l" = 0,1 (3)

13
VO'O" = - ^ (VMLlj-VTLlj) (4)

3j=1

Figure 1. Proposed multi-level converter (MMC) configuration.

As VNPCj may take N levels, while VTLlj may take two, the transformer primary phase 
voltage Vpj may take 2N levels, whose amplitude is a function of Vdc and Vdc"• Table 1 
shows that in terms of phase voltage levels, the proposed configuration is equivalent to a 
conventional multi-level inverter with a larger number of power devices. From another 
point of view, a lower phase voltage THD (Total Harmonic Distortion) is obtained with the 
same number of switches.

Table 1. Basic multi-level inverter (MLI) topologies vs. the asymmetrical hybrid multi-level inverter (AHMLI).

MLI
NPC or Flying Capacitor

MMC (MLI+TLI)
Vdc" = Vdc'/[(N - 1)]

Power Switches Phase Voltage Levels MLI
Power Switches

TLI MLI + TLI
Phase Voltage Levels

3-L 12 9 12 6 18 17
5-L 24 17 24 6 30 25
7-L 36 25 36 6 42 33
9-L 48 33 48 6 54 41

As an example of an HRES application of the AHMLI topology, a six-level MMC is 
shown in Figure 2. PV strings, or groups of strings, are directly connected to the NPC’s dc- 
bus capacitors while the permanent magnet synchronous generators of the wind turbines 
are connected through a three-phase controlled rectifier or a diode rectifier and an output 
dc-link capacitor. All dc sources must have about the same rated output voltage in order to 
prevent largely unbalanced dc-bus voltages. However, the TLI is able to compensate a NPC 
DC-bus capacitor voltage variation A Vc provided that it is lower than Vdc", thus achieving 
a sinusoidal grid current. The dc-buses of the NPC and auxiliary inverters are isolated 
between them in order to prevent the circulation of zero-sequence currents [22]. Moreover, 
the TLI dc-bus is supplied through a floating capacitor; thus, an additional power source is 
not required. Another example is shown in Figure 3, where a five-level NPC inverter is 
used. In this case, an ESS is connected to the TLI dc-bus, and a bidirectional power flow 
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can be managed towards/from the ESS. In both examples, the NPC provides the active 
power flow to the grid, while the TLI works as an active power filter, while also regulating 
the output current and the NPC dc-bus capacitor voltages Vck.

Figure 2. Six-level MMC (three-level inverter (3LI) + two-level inverter (TLI)) with two energy sources.

Figure 3. Ten-level MMC (5LI + TLI) with four energy sources and an energy storage device.

98

3. Proposed MMC Topology Operation
In order to manage multiple input sources while controlling the main power flow 

towards the grid, a suitable control system has been developed that is divided into two 
main parts: an MLI control subsystem and a TLI control subsystem.

3.1. MLI Control Subsystem
MLI switching power losses are kept low by taking advantage of low-frequency space 

vector modulation (SVM) or step modulation (ST). However, these modulation techniques 
must be suitably modified to allow for a direct periodical connection between the N - 1 
energy sources connected to the MLI dc-bus and the TLI. This is necessary to enable 
independent voltage control on each of the N - 1 MLI dc-bus capacitors. According 
to (1), the space diagram of the transformer primary phase voltage Vjp is obtained by 
combining the voltage space vector diagrams of the two inverters. The simplest MMC 
configuration that can be obtained according to the proposed approach encompasses a 
three-level inverter (3LI + TLI), which provides six voltage levels if Vdc" = Vdc'/(N — 1). 
Such an MMC may take 33 = 27 switching states; however, only 19 different voltage vectors 
can be generated, because some of the switching states are redundant. The MMC voltage 
space vector diagram can be obtained by adding the voltage space vector diagram of the 
TLI at the top of each voltage vector of the 3LI, as shown in Figure 4 [27]. Each input 
dc source can be independently managed by exploiting its periodical connection to the 
transformer’s primary winding, which occurs when the 3LI generates one of the twelve 
possible low-voltage vectors (LVVs), namely PPO, OON, POO, ONN, ONO, POP, NNO, 
OOP, NOO, OPP, NON, and OPO, according to Figure 4 and Table 2. As an example,
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Figure 5 shows that when the voltage vector PPO is generated, the capacitor C1, which 
represents the output capacitor of the energy source ES1, is directly connected to the TLI. 
Hence, when the voltage vector PPO is generated, VC1, that is, the voltage across C1, 
can be regulated by controlling the power stream between the 3LI and the TLI. This is 
accomplished through a closed loop voltage controller managing the power exchange 
between ES1 and the TLI dc-bus capacitors through a specific set of components Vkj of 
the TLI reference voltage, as shown in Figure 5c. In practice, the voltage regulator, by 
processing the difference between the C1 reference voltage Vc1 * and the actual value Vc1, 
generates a coefficient I, which is multiplied by the actual values of the transformer’s 
primary currents to obtain Vkj. Therefore, if I is positive, an additional power transfer is 
instated directed towards C1, thus increasing Vc1. If I is negative, the additional power 
flow is directed from C1 to the TLI dc-bus capacitors, thus discharging C1 and reducing Vc1. 
Hence, it is possible to charge or discharge C1 when the MLI generates the vector PPO. The 
same applies for the other dc bus capacitors when the MLI is generating the specific LVV.

Vdc 1

Figure 4. Three-level neutral point clamped (NPC) + TLI voltage space vector diagram (Vdc"/ VDC = 1/2).

Table 2. Six-level MMC low voltage vectors.

Vector Sa1 Sa2 Sa3 Sa4 Sb1 Sb2 Sb3 Sb4 Sc1 Sc2 Sc3 Sc4

PPO 1 1 0 0 1 1 0 0 0 1 1 0

OON 0 1 1 0 0 1 1 0 0 0 1 1

POO 1 1 0 0 0 1 1 0 0 1 1 0

ONN 0 1 1 0 0 0 1 1 0 0 1 1

ONO 0 1 1 0 0 0 1 1 0 1 1 0

POP 1 1 0 0 0 1 1 0 1 1 0 0

NNO 0 0 1 1 0 0 1 1 0 1 1 0

OOP 0 1 1 0 0 1 1 0 1 1 0 0

NOO 0 0 1 1 0 1 1 0 0 1 1 0

OPP 0 1 1 0 1 1 0 0 1 1 0 0

NON 0 0 1 1 0 1 1 0 0 0 1 1

OPO 0 1 1 0 1 1 0 0 0 1 1 0

In general, for a N-level NPC converter, N - 1 space vectors can be exploited for 
controlling N - 1 input dc sources. For instance, Figure 6 shows the space phasor diagram 
of a 10-level MMC composed of a five-level NPC and a TLI (5LI + TLI) as that shown 
in Figure 3, where Vdc'/Vdc is set to 0.25. The energy sources that can be managed in 
this case are four, namely ES1, ES2, ES3, and ES4, each one connected to the MLI dc-bus 
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through an output capacitor Cj (j =1 ... 4). The voltage VCj across the output capacitor 
Cj can be regulated by acting on the six LVVs shown in Figure 6, being P1, P2, O, N1, and 
N2 the possible states of the j-leg, as shown in Table 3. When the vector R2 (P2P2P1) is 
generated, the capacitor C1 is directly connected to the TLI through the primary windings 
of the transformer, as shown in Figure 7, making possible the regulation of the voltage Vc1 
by controlling the power stream between the two converters.

Figure 5. Three-level inverter (3LI) + TLI: C1 voltage control when the PPO vector is generated: 
(a) discharging; (b) charging; (c) equivalent voltage control loop during PPO.

‘P

Figure 6. Five-level inverter (5LI) + TLI voltage space vector diagram (Vdc" / Vdc = 1/4).
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Table 3. Five-level NPC j-leg states.

Vector Sj1 Sj2 Sj3 Sj4 Sj5 Sj6 Sj7 Sj8

P2 1 1 1 1 0 0 0 0

P1 0 1 1 1 1 0 0 0

O 0 0 1 1 1 1 0 0

N1 0 0 0 1 1 1 1 0

N2 0 0 0 0 1 1 1 1

Figure 7. Five-level inverter (5LI) + TLI: C1 voltage control when the P2P2P1 vector is generated: (up) 
discharging; (down) charging.

For low modulation indexes, it is possible to regulate the voltage of the N - 1 dc-bus 
capacitors without modification of the conventional multilevel SVM or SM strategies, 
because the top of the reference voltage vector Vm * always lies inside the hexagon encom
passing R1, R2, R3, R4, R5, and R6. According to the basic multi-level SVM strategy, the 
voltage-time Equation (5) referred to a stationary q,d reference frame gives the switching 
times ta, tb, and tc from the voltage reference Vm * and the switching period Tm . As shown 
in Figure 8a, for low modulation indexes, Va coincides with the null state V0, while Vb 
and Vc are those LVVs whose tops coincide with the vertices of the triangle in which the 
top of the reference voltage vector lies. However, as shown in Figure 8b, for medium 
and high modulation indexes, no LVVs are selected according to the conventional SVM 
strategy; thus, they must be purposely introduced in the inverter switching path. This can 
be obtained by substituting one of the vectors Va, Vb, or Vc of Equation (5) with a switching 
sequence including the LVV that must be activated, and other two voltage vectors V1 and 
V2. If, as shown in Figure 8c, the LVV R 1must be activated, the switching times tR, t1, 
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and t2 are given by Equation (6), being Ta obtained by solving Equation (5). A similar 
procedure can be adopted to modify the switching patterns generated according to the 
standard multi-level SM.

TmVm a * — taVa a + tbVb a + tc Vc a 
TmVmp * — taVap + tbVbp + tc Vcp 
Tm — ta + tb + tc

(5)

( TaVa a — t 1 Via + t 2 V2a + tRVR 1a
TaVap — t1 V1p + t2V2p + tR VR1p (6)

[ Ta — t 1 + t 2 + tR

Figure 8. Five-level inverter (5LI) + TLI. (a) Space vector modulation (SVM) at a low modulation 
index. (b) SVM at a high modulation index. (c) Modified SVM.

3.2. TLI Operation and 3LI + TLI Control Algorithm
Transformer primary voltage harmonics generated by low-frequency modulation 

of the main inverter are then cancelled by the TLI. In fact, the TLI working at a high 
switching frequency plays the role of an active power filter while also managing the 
power flows originating from the N - 1 energy sources connected to the MLI dc-bus and 
compensating for possible imbalances caused by different dc-bus capacitor voltages. This 
makes it possible to avoid the introduction of additional dc/dc converters, which otherwise 
would be necessary to connect each energy source to the system. The MMC control system 
encompasses a synchronous qd current controller regulating the transformer’s primary 
current and the N - 1 voltage controllers to manage the energy sources connected to the 
MLI dc-bus [28]. A schematic of the control system developed for the proposed MMC is 
shown in Figure 9 for a 3LI + TLI configuration. It consists of three main blocks, namely 
TLI dc-bus current (battery) control, NPC dc-bus voltage (energy sources) control, and 
regulation of active and reactive power at the primary side of the transformer. Moreover, a 
N - 1 channels maximum power point tracking function can be provided in order to cope 
with PV arrays connected as energy sources. In this case, according to Figure 5, the MPPT 
sets the reference voltages Vci and Vc2, whose sum Vdc *' constitutes the reference for the 
q-axis 3LI current regulator. The reactive power is instead controlled by acting on the d-axis 
current. An independent control on Vc1 and Vc2 is obtained by two voltage controllers, 
whose outputs are processed in order to obtain the components Vkja of the TLI reference 
voltages as shown in Figure 5c. Whenever one LVV is active, k is set to 1 and the reference 
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coefficient I is computed to charge or discharge the considered capacitor. At the same time, 
the correct MLI voltage vector path is selected according to Equations (5) and (6) in order 
to connect the specific energy source to the TLI, thus establishing a power stream from the 
energy source to the TLI d-bus. Further components of the TLI reference voltage Vhj and 
Vbattj are computed dealing, respectively, with the compensation of harmonics generated 
by the low-frequency operation of the MLI (Equation (7)) and control of the battery current 
iDc". Hence, the j-phase TLI reference voltage is given by Equation (8) while Vhj is written 
in (7).

Vhj = VNPCj - V1NPCj (7)

VTLIj* = Vhj + VBattj + Vkj (8)

being V1NPCj the fundamental component of the NPC output phase voltage VNPCj. The TLI 
current control is also able to compensate for imbalanced voltages on the 3LI dc-bus by 
adapting the duty cycle of the TLI at each half-cycle. This capability depends on the value 
of VDc", which is the maximum capacitor voltage deviation value that can be compensated 
for. Hence, the TLI ensures a sinusoidal grid-current during Vc = Vcn ± Vdc" for all NPC 
dc-bus capacitors.

Figure 9. Six-level MMC (3LI + TLI).

4. Simulation Results
The effectiveness of the proposed topology was first evaluated through a simulation, 

taking into account a scaled model of a hybrid renewable energy generator tailored around 
an open-end winding 5 kVA-230/400 V three-phase transformer, a three-level NPC inverter 
exploiting a 1 kHz SVM strategy with a 400 V dc-bus voltage, a TLI PWM operating at 
10 kHz, and a three-phase grid. The parameters of the system components are listed in 
Tables 4-11. These include the main data of the IGBT and diodes on the NPC MLI and 
those of the power MOSFET devices present on the TLI.

Table 4. Three-phase grid.

eg (V) 

f (Hz) 

Lg (mH)

400

50

3
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Table 5. Three-phase transformer.

An (kVA) 5

Vn1 (V) 400

Vn2 (V) 400

t 1

Table 6. PV modules (STC).

Pnom (W) 200

Vmpp (V) 40

Impp (A) 5

Icc (A) 5.40

Vopen (V) 47.8

string 5 modules

Table 7. Wind Turbine.

Pn (W) 1000

Vn (V) 220

Wwind (m/s) 10

Umax (m/s) 55

W0 (m/s) 2

Generator Permanent Magnet Synchronous Generator PMSG

Table 8. Battery.

(Ah) 50

Vn (V) 400

Type Lithium-Ion

Table 9. Diodes.

VDS (V) 1000

In (A) 30

trd (ns) 67

Qr (.VC) 1.5

Table 10. MLI-IGBT (STGW40N120K).

Vce (V) 1200

VenON (V) 2.7

In (A) 40

tr (ns) 48

tf (ns) 338
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Table 11. TLI-MOSFET (IRFB5615PBF).

VDS (V) 150

RDSON (mf)) 32

In (A) 35

tr (ns) 17.2

tf (ns) 35

Two cases are taken into consideration: a fully PV system with an ESS; and a hybrid PV- 
wind one with an ESS. The system model was developed using the MATLAB/Simulink 
environment and setting a 1 p.s sample time. Output power characteristics of the PV 
modules are shown in Figure 10. Each PV string consists of five modules in order to 
achieve a peak voltage of 200 V on the NPC dc-bus capacitors C1 and C2 . Operation of 
the first configuration is shown in Figure 11, dealing with NPC dc-bus voltages Vc1 and 
Vc2, the output power of ES1, ES2, and the battery, the irradiances of PV strings GPV1 
and GPV2, the transformer ’s primary and secondary voltages, the NPC output voltages 
VNPCj, the grid currents, the TLD bus voltage Vdc" and current ipc' , the battery’s state of 
charge (SOC), and the qd-axes current components. At t = 0.5 s, the solar insolation on 
the ES2 PV string falls down from 1000 W/m2 to 700 W/m2. Then, the ES2 output power 
decreases from 600 W to 560 W. According to Figure 10, the voltage Vc2 is then reduced 
to track the maximum power point by acting on the TLI according to the voltage control 
scheme of Figure 5c. Once Vc2 has reached the new optimal value, an imbalanced voltage 
condition (Vc1 = 200 V, Vc2 = 165 V) occurs. However, the three-phase grid currents are 
kept sinusoidal by the TLI current control system by drawing power from the ESS, as the 
SOC diagram confirms. In this case, in fact, the TLI dc-bus voltage Vdc" = 210 V is sufficient 
to compensate for the A Vc2 = (200 — 165) V = 35 V voltage deviation. Figure 12 deals instead 
with operation of the second configuration, when the rotor speed of the wind turbine wrm 
drops from 1500 to 0 rpm. Additionally, in this case, the TLI dc-bus voltage Vdc" = 210 V 
is sufficient to compensate for the AVc2 = (200 — 200) V = 0 V voltage deviation. The 
proposed system is able to manage a bidirectional power stream towards/from the energy 
storage system as shown in Figure 13. The irradiances considered for PV1 and PV2 are 
not the same, being respectively 1000 W/m2 and 700 W/m2, while the battery current 
varies from 2.5 A to —2.5 A. The battery SOC trend demonstrates the bidirectional power 
capability of the proposed configuration.

Figure 10. P-V diagrams of photovoltaic modules.
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Figure 11. Six-level MMC-GPV2 drop from 1000 W/m2 to 700 W/m2. (a) String voltages Vc1 and Vc2. 
(b) ES1, ES2, and energy storage system (ESS) output power. (c) GPV1 and GPV2. (d) Grid voltage. 
(e) NPC output voltage. (f) Primary voltage. (g) Grid current. (h) Battery voltage. (i) Current. (j) State 
of charge (SOC). (k) Output d,q axes currents.
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Figure 12. Six-level MMC-wind turbine (WT) shut-down GPV1 = 1000 W/ m2. (a) Vc1 and Vc2 . 
(b) ESi, ES2, and ESS output power. (c) Gpv 1 and PMSG rotor speed a'r. (d) Grid voltage. (e) NPC 
output voltage. (f) Primary voltage. (g) Grid current. (h) Battery voltage. (i) Current. (j) SOC. 
(k) Output d,q axes currents.
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Figure 13. Si-level MMC-battery current transition from2Ato-2 A with GPV1 = GPV2. (a) String 
voltages Vc1 and Vc2. (b) Output power of PV1, PV2, and the battery. (c) Solar power GPV1 and GPV2. 
(d) Battery current. (e) Battery SOC.

5. Experimental Assessment
Experimental tests were accomplished on a six-level MMC encompassing an open-end 

winding 5 kVA-230 V/400 V three-phase transformer, a 3LI-NPC inverter with a 200 V 
dc-bus voltage exploiting an SM strategy, and a two-level inverter PWM operating at 10 kHz. 
A 100 V, 40 Ah Lithium-ion battery was connected to the dc-bus of the TLI. All system 
parameters are listed in Table 4, Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, and 
Table 11. The control system was realized around a DSpace/1103 board running at 10 kHz. 
The primary winding of the transformer was connected, on one side, to the NPC MLI 
and, on the other side, to the TLI. Programmable PV module emulators played the role 
of two PV strings connected to the NPC dc-bus. Steady-state operation under balanced 
and imbalanced conditions is shown in Figure 14a,b, dealing with the 3LI + TLI output 
voltage, grid voltage, grid current, and 3LI output step voltage. In Figure 14a, a balanced 
condition is considered with Vc1 = 100 V, Vc2 =100 V. Hence, the TLI acts only as an active 
power filter in order to compensate for the low-order harmonic generated by the NPC low 
switching frequency modulation. Figure 14b instead deals with the imbalanced condition 
with Vci = 100 V, Vc2 =70 V, and Vdc" = 100 V Although the NPC dc-bus voltages are 
imbalanced, the grid current is sinusoidal with a THD as low as 1.5%. In this case, the TLI 
not only works as an active filter but also as a voltage imbalance compensator. A reduction 
in the dc voltage generated by PV1 string is shown in Figure 15a, where Vc1 is changed 
from 100 V to 70 V. Such an imbalance causes a variation in the peak voltage in the positive 
half-cycle of VjNPC, but the current is kept sinusoidal by the TLI. Figure 15b deals with 
power generated by the two PV strings PPV1 and PPV2 provided by the battery PTLI and 
the output one Pg. The reduction in Vc2 causes a reduction in PPV2 from 320 W to 180 W 
according to the P-V profile of Figure 10. The same power variation is present in the grid 
power Pg because the active power produced by the TLI’s battery is kept constant. Figure 16 
shows a detailed view of the waveforms of VaNPC and iag in the test of Figure 15. The TLI 
compensates for the unbalanced voltages and almost perfectly shapes the grid current.
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Figure 14. The (3LI + TLI) steady state. (a) Balanced voltage, VDC' = 200 V, Vc1 = 100 V, Vc2 = 100 V, 
VDC" = VDC /2 = 100 V. (b) Unbalanced voltage, VDC' = 170 V, Vc 1 = 70 V, Vc2 = 100 V, VDC" = 100 V. 
Secondary phase voltage Vsj, grid phase voltage ej, grid phase current igj, and NPC output voltage 
VNPCj, (Vg = 150 V, 50 Hz, TLI PWM 10 kHz).

Figure 15. The (3LI + TLI) photovoltaic (PV) power variation. (a) PV voltages Vc1 and Vc2 , NPC 
output voltage VNPCj, and grid current igj .(b) PV power PPV1 and PPV2, TLI output active power 
PTLI, and grid active power Pg. (Vg = 150 V, 50 Hz VDC" = 100 V, TLI 10 kHz PWM).

Figure 16. The (3LI + TLI) steady state. (a) Balanced voltage, VDC' = 200 V, Vc1 = 100 V, Vc2 = 100 V, 
VDC" = VDC'/2 = 100 V. (b) Unbalanced voltage, VDC' = 170 V, Vc 1 = 70 V, Vc2 = 100 V, VDC" = 100 V. 
Secondary voltage Vsj, grid voltage ej, grid current igj, and NPC output voltage VNPCj (Vg = 150 V, 
50 Hz, TLI 10 kHz PWM).

A further test was performed dealing with battery current control, as shown in 
Figure 17, dealing with battery current, voltages Vc1 and Vc2, and grid current. The 
voltages are kept balanced at Vc1 = 100 V and Vc2 = 100 V, while the battery current is 
changed from -3 A to 2 A. Hence, the battery is first discharged and then charged. A 
negative battery current means that the battery feeds power Pbatt to the grid according to 
Figure 17. Vice-versa, a positive battery current means that the battery is charged from the 
grid. The harmonic spectrum of the grid current at a rated load is shown in Figure 18, fully 
complying with the IEC 61000-3-2 standard on power quality.
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Figure 17. The (3LI + TLI) battery current variation from 2 A to -2A with GPV1 = GPV2 .(a) String 
voltages Vc1 and Vc2. Battery current iDc". Grid current igj (b) String power Py 1, Py2. Battery power 
PBatt, grid active power Pg .

Figure 18. The (3LI + TLI) grid current spectrum vs. IEC 61000-3-2 l limits.

6. Power Losses Analysis
A power losses analysis was accomplished by considering the efficiency n3LI + TLI of 

the 3LI + TLI converter and that of the transformer nTR■ Hence, the total efficiency is 
obtained as Equation (9). The efficiency of the converter was estimated by computation 
of the power devices conduction Pc and the switching Psw losses. According to [29], the 
3LI is equipped with a high-voltage and low-frequency IGBT, while a low-voltage, high 
switching frequency MOSFET is used in the TLI. The main data on these power devices 
are listed in Tables 9-11. Conduction losses of the IGBT and MOSFET were computed 
according to Equations (10) and (11), respectively, while switching losses were evaluated 
by Equation (12) for both power switches. Furthermore, the diodes’ reverse recovery 
power losses are also considered in Equation (13) and were included in the total power 
losses calculation.

n Tot = n3 LI + TLIn TR

Pc _ MLI 3Vce (on) iRMS 

Pc_TLI = RDS(on) i2RMS 

Psw = 0.5VceiRMS fsw(trise + tfall) 
PD = VDR fsw(trdiRMS + Qr) 

An cos(^) 
nTR = An cos(9)+ iPfen + Pcun /i

where 3 is the duty cycle, tr and tf are the rise and fall times of the power switches, iRMS 
is the Root Mean Square (rms) value of the switch current, Vce is the collector-to-emitter 
voltage, Vce(on) is the collector-to-emitter saturation voltage, RDS(on) is the static drain-to- 
source on resistance, fsw is the switching frequency, VDR is the diode’s reverse voltage, trd 
is the diode’s reverse recovery time, and Qr is the reverse recovery charge. The efficiency 
of the three-phase transformer was computed as a function of iron losses Pfen, rated copper 
losses Pcun, power factor cos(^), rated power An, and load coefficient I = ig/ign, being ign 
the rated current of the transformer, Equation (14). Figure 19 shows the conduction and

(9)

(10)

(11)

(12)

(13)

(14)
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switching losses of the two inverters as a function of the load coefficient i. Specifically, 
P3LI_cond and PTLI_cond are the conduction losses of 3LI and TLI, respectively, while P3LI_sw 
and PTLI_sw are the switching losses, which increase with the load current from 2.6% at i 
= 0.1 to 8% at i = 1. The switching power losses of the 3LI are quite low due to the low 
switching frequency. The total efficiency of the two inverters n3Ll + TLI and that of the 
transformer nTR are shown in Figure 20 as function of the load ratio. The peak efficiency of 
the converter is 98.9% at i = 1, while the minimum is 95.2% at i = 0.2. The efficiency of the 
transformer, nTR, reaches its peak value of 96.5% for i = 3/4. Finally, the total efficiency was 
obtained according to Equation (9) and is shown in Figure 20c. It reaches the maximum 
value of 95% at i = 0.7.

Figure 19. Power losses of 3LI + TLI vs. load current.

Figure 20. Efficiency vs. load current. (a) Three-level inverter (3LI) + TLI efficiency. (b) Transformer 
efficiency. (c) Total efficiency.

7. Discussion
Simulation and experimental results confirm that independent management of N - 1 

power sources and an ESS can be accomplished by using an AHMLI structure composed 
of a N-level inverter, an open primary winding transformer, and a two-level inverter. This 
makes unnecessary the introduction of additional dc-dc converters to connect the input ES 
and the ESS to the grid inverter. Such a structure is also able to compensate for a possible 
imbalance among the output voltages of energy sources, provided that it does not exceed 
the dc-bus voltage of the auxiliary TLI. Under this limit, the proposed configuration is 
also able to cope with a full shut-down of one of the input ESs. Moreover, an independent 
N-1-channel MPPT can be provided to manage multi-string PV arrays. As proved by 
experimental tests, the proposed configuration produces an almost perfectly sinusoidal 
grid current, despite the fact that the main inverter is operated at a low switching frequency 
in order to improve the efficiency. In fact, the current shaping is accomplished by the 
auxiliary TLI, which operates at a high switching frequency, but at a remarkably lower 
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dc-bus voltage. This allows us to equip the TLI with fast and powerful MOSFET devices 
producing low switching and conduction power losses. The efficiency performance of the 
proposed structure is confirmed by a power losses analysis, which gives global efficiency 
levels similar to those obtainable with conventional conversion systems for HRESs, but 
with a more simple and less expensive structure.

8. Conclusions
The goal of this work was to prove that a multi-input conversion system can be con

structed from an AHMLI topology exploiting an open-end primary winding transformer. 
The coherence of such a concept was confirmed first theoretically and then by simulation 
and experimental tests. Applied to hybrid renewable energy systems exploiting multiple 
energy sources and an energy storage system, the proposed approach allows us to largely 
reduce the complexity and cost of the power conversion systems, avoiding the introduction 
of additional dc-dc converters to interface each energy source with the grid-connected 
inverter. Further developments of the proposed concept will deal with applications in 
other sectors, such as electric vehicles and the aerospace industry.
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of the power conversion system and mitigating speed oscillations due to torque disturbances. A 
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is theoretically introduced, then a feasibility assessment is accomplished by simulations.
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1. Introduction
The replacement of obsolete electric motors with new, more efficient ones could pro

vide considerable advantages in terms of polluting emissions, energy resources exploitation, 
and manufacturing costs. For this reason, the mandatory compliance of industrial electro
mechanical systems with gradually increasing efficiency requisites has been enforced all 
over the world in the last decades. This can be accomplished either by increasing the 
efficiency of motors, for example, according to European Union (EU) IE2 and IE3 efficiency 
levels [1], or by replacing direct online electric motors with electric drives.

Despite the wide variety of electric motors available on the market, low- and medium
power three-phase direct online induction motors (DOL-IM) are by far the most dominant 
in the industrial sector, providing a wide variety of constant speeds and variable load 
applications where dynamic response requirements are not critical, such as pumps, fans, 
and compressors. Affordability, durability, easy functioning, and easy maintenance are 
some of the major factors driving the ever-increasing demand for induction motors. High- 
efficiency DOL-IMs [1] in industrial applications provide a significant reduction in energy 
consumption and environmental impact; however, they are still burdened by a low power 
factor (PF) at partial loads, which can be only mitigated by adding power factor correction 
capacitors. Moreover, large in-rush current is very commonly generated at start-up, leading 
to voltage dip, speed loss, torque pulsations, and possible activation of protection devices. 
A wide diffusion of variable speed drives (VSDs), featuring either torque or speed control, 
has been experienced in the past thirty years due to the advances in power electronics 
technology and control strategies, which have allowed an increase in the efficiency and 
reliability of electric drives [1-4]. Suitable Pulse Width Modulation (PWM) strategies 
have been developed that are able to cope with adverse effects related to shaft voltages,
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bearing currents, motor insulation breakdown, and electromagnetic interference (EMI) 
issues [5-11]. However, despite clear advantages achieved in terms of efficiency, induction 
motor drives are much more expensive than DOL-IMs, leading to the development of 
some intermediate or hybrid solutions. One of these solutions is represented by direct 
online double-winding IMs (DOL DWIM) [12-14]. They were proposed to overcome some 
typical drawbacks of conventional induction motors, mainly poor efficiency and power 
factor, by exploiting a partial power converter, which means an inverter rated at only a 
fraction of the motor rated power, cutting the cost. According to the DOL-DWIM approach, 
a special induction machine is used, encompassing two full sets of stator windings: one 
being directly connected to the grid and a second one being fed by an inverter supplied 
through a floating capacitor [12-17]. According to the basic DOL-DWIM configuration, 
the two winding sets feature the same number of turns; thus, the inverter supplying the 
second set is rated at the grid voltage, although at remarkably lower power. DOL-DWIMs 
are generally managed by simple control algorithms, mainly developed in order to control 
the PF under sinusoidal steady state operation [12-17].

An advanced DOL-DWIM configuration is presented in this paper, aimed at achieving 
new valuable functions in a cost-effective way, such as dynamic, active, and reactive power 
control; a reduction in in-rush current; and the mitigation of torsional vibrations generated 
by periodical torque disturbances or distorted grid voltages [18], which lead to acoustic 
noise and additional mechanical stress.

As shown in Figure 1, the proposed DOL-DWIM configuration features a grid- 
connected main winding and an auxiliary three-phase winding set featuring a lower 
number of turns, located in the same stator slots of the main one. The auxiliary winding 
is supplied by a voltage inverter featuring a floating DC-bus capacitor. As the auxiliary 
winding has less turns than the main one, the inverter power and voltage ratings are much 
lower than those of the motor.

Figure 1. Double-winding induction motor (DWIM) featuring an auxiliary winding set, fed by a 
three-phase low power, low voltage, Voltage Source Inverter (VSI).

The outline of this paper is as follows: First, the modeling of the electromechanical 
system is presented in Section 2, and the control strategy implemented in the auxiliary 
winding set is described in detail in Section 3. Thereafter, the capability of the combined 
multi-winding sets motor, floating capacitor inverter, and control strategy to efficiently 
control the power factor PF, mitigate the detrimental effects related to distorted main grid 
voltages and mechanical torque vibrations, and reduce the large inrush current driven 
by the induction motor during the starting period is thoroughly investigated in Section 4. 
Finally, the conclusions are stated in the last section.

2. DWIM Model
It is assumed that the two polyphase stator windings [19-23] are distributed in order 

to produce sinusoidal magneto-motive forces; moreover, the effects of the saturation of the 
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magnetic core are neglected, while iron losses are considered according to [24]. The voltage 
and flux equations of the DOL-DWIM, written in complex form fqd = fq - jfd, according 
to an orthogonal qd reference frame rotating at the angular frequency we of the input stator 
voltage vector, are given by [23]:

vqds 1 = rs 1 iqds 1 + d^ + jweXqds 1 (1)

_ J X > dXqds2 । V
vqds 2 = rs 2 iqds 2 + dt + jWeXqds 1 (2)

. . dX' d
v'qdr = rri'qdr ^dd + j (we - Wre )X'qdr (3)

Xqds 1 = Lis 1 iqds 1 + LM ^dj^11 + i'qds2 + i'qdsr\ (4)

Xqds2 = Lis2iqds2 + LM iq^ih 1 + iqds2 + iqdsr] (5)

Xqdsr = Lisriqdsr + LM iqd^s 1 + i^d^2 + iqdsr] (6)

r- d_____dX'qdr < A . A . _ r..,-.
RFeiqdFe d^ + jWeXqdm Xqdm LMiqdm (7)

iqds 1 + i'q ds 2 + i'qdsr = iqdm + iqdFe (8)

where Vqds 1, Xqds 1 and Vqds2, Xqds2 are the stator voltages and fluxes of the two winding 
sets, separately; v'qdsr and Xqdr are the rotor voltages and fluxes, respectively; rr, rs 1 and 
rs2 are the rotor and stator resistances, respectively; LM is the mutual inductance; and Lr,, 
Lis 1, and Lis2 are the rotor and stator leakage inductances. All electrical quantities of the 
auxiliary winding set are referred to in the main stator winding. Moreover, wre = ppwrm, 
where wrm is the angular rotor speed and pp is the number of pole pairs. The equivalent 
circuit of the DWIM is depicted in Figure 2.

(a)

Figure 2. Equivalent circuits of the DWIM in the synchronous reference frame: (a) q-axis and (b) d-axis.

(b)

The electromagnetic torque is expressed in Equation (9), [25,26], and the relationships 
between the total electromagnetic torque Te applied to the motor shaft and the torque 
related to the mechanical inertia J, the load torque TL , and the frictional torque F are 
described in Equations (10) and (11). Orm is the rotor position.

Te = 3/2ppLM[(iqs 1 + iqs2 - iqFe)idr - (ids 1 + ids2 - idFe)i'qr] (9)

Te = Tl + JdWm + Fwrm

wrm dOrm
~ir

(10)

(11)
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3. Control System
The main stator winding set of the DOL DWIM is directly connected to the grid and 

it is tasked with handling the main power flow toward the mechanical load. Differently, 
the additional stator winding set is supplied by a floating power inverter, which enables 
a current vector control according to Figure 3. Low-cost devices are used to measure the 
AC quantities in both windings. An analysis of the different blocks composing the control 
system is presented in the following.

Figure 3. Block diagram of the proposed direct online (DOL) DWIM control solution.

3.1. Grid Synchronization
The control system driving the floating capacitor inverter is mainly based on a stan

dard vector control approach approximating a stator flux orientation, which is achieved 
by transforming the three-phase utility voltages abc into a reference frame synchronous 
with the grid voltage vector phase de. The last quantity can be determined with one of 
the well-known grid synchronization algorithms available in the literature [27,28]. In this 
work, a decoupling algorithm was exploited to remove all of the unwanted harmonic 
components from the measured voltages in order to keep the phase-locked loop (PLL) 
locked to fundamental harmonic, positive-sequence component at all times [29]. The block 
diagram of the grid synchronization algorithm based on a multi-harmonic synchronous 
reference frame (SRF) filtering (MSF) structure is shown in Figure 4. The basic idea is to
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estimate each voltage harmonic set by applying a low-pass filtering after a reference frame 
transformation synchronous with the corresponding harmonic frequency.

Figure 4. Block diagram of the multiharmonic SRF filtering (MSF) algorithm.

3.2. Active and Reactive Power Control
The machine active and reactive powers are functions of auxiliary winding currents 

iqs2 and ids2, which can be managed to control the PF under different load conditions. By 
neglecting the voltage drop due to stator resistances and leakage inductances, the active 
and reactive power generated by the auxiliary winding can be expressed as:

P2 = 3/2(vqs2iqs2 + vds2 ids2) Q2 = 3/2(vqs2ids2 - vds2 iqs2) (12)

If the q2-axis is aligned to the main grid voltage vector vqds1, the active and reactive 
power can be approximated to:

P2 = 3/2vqs2 iqs2 Q2 = 3/2vqs2 ids2 (13)

Hence, it is possible to control the machine reactive power by acting on the d-axis 
current of the auxiliary winding ids2 in order to track a desired power factor at the main 
stator winding terminals. The q-axis current iqs2 can be managed to control the active 
power required to hold a stable voltage in the floating capacitor of the isolated two-level 
inverter supplying the auxiliary winding. A certain amount of active power is required 
by the floating capacitor inverter to compensate for power devices and capacitor losses. 
Hence, two external control loops were included in the control structure in order to achieve 
the desired PF and DC bus voltage Vdc.

3.3. Active Mitigation of Mechanical Vibrations
The auxiliary winding can be also exploited to mitigate vibrations generated by peri

odical torque disturbances or distorted grid voltages. Torque disturbances ATL generate 
harmonic components in the stator currents iqs1 and ids1, yielding vibrations in the me
chanical system. They can be mitigated by generating compensating components of the 
electromagnetic torque by means of the auxiliary winding set. In particular, in case of (k) motor operation under a highly distorted grid voltage, some current harmonics set ias1 , (k) (k)lbs 1, iCs 1 of amplitude Ik and angular frequency kwe are superimposed to the fundamental 
current set iI,, iI ii1,, of magnitude I1 and angular frequency we. Therefore it is possible as1 , bs1 , cs1 , g 1 g qy e . , p(k) (k)to identify each couple of current harmonic components iqs1 and ids1 in the qd current plane 
by applying a suitable reference frame transformation:

[ iqs 1 1 \ ias1 -2 [ cos(Wet) cos(Wet - 2n)
ids 1 J ib 1 3[ sin(Wet) sin(wet - 3n)

cos(wet + 3n) "I ias1
sin(wet + 3 n J bs113i

(14)

+TO + +TO
i i(1) + i(k) i(1) + I(k) cos[(k ± 1)W t]iqs 1 = iqS 1 + ̂  iqs 1 = iqs 1 + ^ Is 1 cos[(k ± 1)wet]qs k=1 qs qs k=1 sm +TO m + n +TO iia(1) (k) (1) (k)
ids 1 = ids 1 + ^ ids 1 = ids 1 + ^ Is 1 sin[(k ± 1)wet]k=1 k=1

( +1 ^ if ^ k = 2,5,8,11,...
< -1 ^ if ^ k = 4,7,10,13,... (15)
[ 0 ^ if ^ k = 3,6,9,12,...
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where i(1) and id(k1) are the DC components related to the fundamental current harmonic. qs1 ds1
These current harmonics are identified through a standard harmonic identification algo
rithm based on fast Fourier transform. Each undesired harmonic present on the main 
winding current is then reproduced with the opposite sign on the auxiliary winding 
through a specific closed-loop current control. A control structure composed of some paral
leled current control modules is thus required to mitigate mechanical vibrations featuring 
different frequencies, each module being threshold-activated on the basis of the actual mag
nitude of the specific stator current harmonic to be attenuated. Similar considerations are 
valid in case of mechanical vibrations caused by shaft eccentricity, mechanical imbalance 
phenomena, or bearing aging.

3.4. Inrush Current Mitigation during Startup
The large line currents that occur on the grid at motor start-up can be mitigated by 

exploiting the charge stored in the floating capacitor by implementing a proper control 
strategy in the DOL DWIM. For achieving this additional feature, a suitable selection of the 
floating capacitor and of the inverter current rating is required. In particular, the inrush 
current in the main stator winding can be reduced by exploiting the energy stored in the 
floating capacitor to reduce the power drawn from the grid. This can be accomplished by 
generating a set of currents exactly in phase with the currents flowing in the main winding 
during the first few cycles of the grid voltage. The measured main winding currents iqs1 
and ids1 are firstly scaled by the turn ratio of the two stator windings; then, they are used as 
references of the closed loop current controllers managing the auxiliary windings voltages 
in order to generate three phase currents iabc2 in phase with iabc1, thus allowing a sharing 
between the inrush currents of both windings.

4. Performance Assessment of the Grid-Connected DWIM
The control strategies described in the previous section were assessed via a simula

tion analysis realized in Simulink/MATLAB, as shown in Figure 5a. The model of the 
electromechanical system, shown in Figure 5b, was realized according to the data listed 
in Table 1. Implementation of the multiharmonic SRF filter and harmonic compensation 
system are presented, respectively, in Figure 6a,b. According to Table 1, the considered 
machine features a turns ratio between the main and auxiliary windings Ns1/ Ns2 = 5. The 
floating capacitor inverter was driven with a space vector modulation (SVM) at a switching 
frequency fs of 10 kHz and the DC bus voltage control held an average voltage Vdc of 150 V. 
The inverter was equipped with a 5 mF floating DC bus capacitor.

Table 1. Multi-winding induction motor data.

Winding 1 Winding 2

Stator Voltage Vs 400 Vrms 60 Vrms
Stator Current Is 25 Arms 60 Arms

Stator Resistance Rs 0.2147 n 0.01 n
Leakage Inductance Lls 0.991 mH 40 nil

Rotor Resistance r’r 0.2205 n
Magnetizing Inductance LM 64.2 mH
Iron Losses Resistance RFe 700 n
Nominal Rotor Speed a'rmi 1460 rpm

Mechanical Inertia J 0.102 kgm2
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(a)

(b)

(a)

Figure 6. Simulink block diagram of the: (a) MSF algorithm and (b) harmonics compensation.

Figure 5. Simulink block diagram of the: (a) power conversion system and control strategies and (b) DOL-DWIM model.

(b)
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A first set of tests dealt with assessing the capability of the proposed solution to 
regulate the reactive power exchange between the power conversion system and the AC 
grid in a wide operating range. The performance of a standard IM featuring a single stator 
winding was compared with that of the DWIM under same load conditions. Active and 
reactive power flows associated to the fundamental harmonics in both main and auxiliary 
windings are shown in Figure 7. The simulation results are shown in Figure 8.
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Figure 7. Power flow scheme of the DWIM.
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Figure 8. (a) Active and reactive power (P1 and Q1 , respectively), (b) power factor PF, (c) main winding current magnitude
Is i, (d) auxiliary winding current magnitude Is 2, (e) p.u. back-electromotive force (EMF) variation A Em, computed at 20% 
and 40% of rated torque Tn for different values of ids2 (solid lines—standard IM; circles—DWIM).

The active power P1 and reactive power Q1 absorbed by the DWIM are reported in 
Figure 8a,b as a function of the current ids2. The magnitude of currents in both windings, 
PF, and the per-unit (p.u.) variation of the back-electromotive force (EMF) Em are displayed 
in Figure 8c-e, respectively, considering two different load conditions: 20% and 40% 
of the rated torque. The same figures include the corresponding quantities computed 
for the single-winding IM configuration (the same electrical machine without auxiliary 
winding) operating under the same load conditions, whose values are indicated in the 
figures with horizontal solid lines. By varying ids2, a beneficial effect is achieved, consisting 
of a reduction in Q1 and leading to an improved PF (Figure 8c). This causes a reduction 
in the current flowing through the main winding, as shown in Figure 8d. This last result 
is justified even by the increase in the back-emf Em of the DWIM in correspondence with 
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an increase in ids2, as clearly shown in Figure 8e; the last variation is in any case limited 
to a few percentages of the back-EMF of the DWIM with ids2 = 0. The variation in Em is 
associated to a variation in the magnetizing current.

The proposed approach can lead to a reduction in the active power P1 absorbed by 
the DWIM at partial load, leading to an efficiency improvement. This result is confirmed 
by the analysis summarized in Figure 9, where the iron and total Joule losses are computed 
for the standard single-winding IM configuration and the considered DWIM as a function 
of the current ids2. In particular, Figure 9 displays the difference between the standard 
IM and DWIM total Joule losses APj (stator and rotor) and iron losses APFe, with both 
motors operating under the same loads. The joule PJ and iron PFe losses referring to the 
single-winding IM are the points displayed in the three graphs at ids2 = 0. Notably, in 
DWIM, by increasing ids2, iron losses rise and total joule losses initially drop and then rise. 
Thus, by suitably selecting ids2, the balance between iron losses increase and joule losses 
drop may lead to a neat reduction in total power losses and to a higher efficiency compared 
with the conventional IM. This beneficial result is strictly related to the motor design, load 
condition, and desired power factor PF. If we assume to operate the DWIM at PF = 0.9, 
thus requiring ids2 — 25A (Figure 8c) and a load equal to 40%Tn, a total loss reduction 
APloss equal to 3% can be achieved compared with the standard IM configuration. On the 
contrary, the same DWIM operated at PF = 0.9 and a load equal to 20%Tn, will require 
a ids2 = 40A, yielding a APloss/Ploss less than 0.8%, significantly reducing the efficiency 
improvement of the DWIM. The implementation of a losses minimization algorithm is 
not the focus of the paper, and more details on how to approach this aspect can be found 
in [30].

Simulations were performed over a wide load range and the results shown in Figure 10 
confirm the effectiveness of the proposed approach in increasing the power factor by acting 
on ids2 with marginal variations in the additional power losses, although the improvement 
becomes progressively less relevant as the load increases.

(a) (b) (c)

Figure 10. (a) PF, (b) APloss, (c) root mean square (RMS) value of the main winding current IRMS1, determined under 
different loads TL.
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According to Figure 10b, for a given load condition, negative losses APioss can be 
achieved by suitably selecting ids2, leading to higher efficiency compared with the standard 
IM. Figure 11 deals with some results obtained by holding the PF at 0.9 by means of the 
control system. As shown, under constant PF operation, ids2 and the reactive power Q2 
decrease when decreasing the load torque and the absorbed active power. Moreover, only 
a small active power P2 is transferred from the grid to the auxiliary winding. Finally, both 
the active power P1 and reactive power Q1 are changed by the controller in order to keep 
the power factor constant. The power handled by the auxiliary winding in the worst-case 
scenario, i.e., a very light load, is roughly one-fifth of the standard IM rated power.

The dynamic behavior of the PF controller was also evaluated and some results are 
shown in Figure 12, dealing with a sequence of step loads TL using a standard DOL IM 
and the proposed DOL DWIM. A rather satisfying dynamic behavior was achieved with 
the DOL DWIM, which was able to hold the PF constant.

The test results shown in Figure 13a confirm the effectiveness of the proposed approach 
in mitigating the oscillations of the rotational speed caused by an externally applied 
sinusoidal shaft torque disturbance ATL = 20 Nm (20% of rated torque) at 100 Hz. We note 
the remarkable speed ripple reduction after the instant t1, when the current control in the 
auxiliary winding set is activated.

Figure 13b depicts the mitigation of the speed ripple generated by a fifth harmonic 
component (fd = 250 Hz) superimposed to the fundamental AC grid voltage. At t1, the 
compensation algorithm is turned on, leading to the reduction in the speed ripple. A very 
small Vdc ripple was also observed in both cases.

The effects of the harmonic compensation on motor quantities are shown in Figure 14. 
The obtained results confirmed the theorical harmonic distribution given by Equation (15). 
Specifically, a second-order harmonic disturbance on the electromagnetic torque and on 
the mechanical speed produced a harmonic of the same order on the qd axis currents and 
therefore a third harmonic disturbance in the phase currents on both main and auxiliary 
windings. A different case is considered in Figure 15, where a fifth harmonic component is 
superimposed on the AC grid voltage. Th theoretical findings and the effectiveness of the 
harmonic compensation were also confirmed in this case.

(a) (b)

Figure 11. (a) Power factor control: TL and PF vs. ids2; (b) P1, P2, Ptot=P1+P2;(c) Q1, Q2 and Qtot=Q1+Q2.
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Figure 12. Dynamic transients under different torque load TL conditions: (a) in standard IM configuration and (b,c) in the 
proposed DWIM configuration.

Finally, the effectiveness of the proposed approach in mitigating inrush currents was 
evaluated by considering two motors rated at 3 and 15 kW. Figure 16 shows the currents in 
the two windings during the start-up without and with using the proposed technique for 
peak current reduction on the two motors. Figure 16a deals with the 3 kW IM usinga5mF 
flying capacitor, whereas Figure 16b deals with the 15 kW machine using 120 mF capacitor. 
In both cases, at t=t2, the current control is disabled and the PF and Vdc controls are 
activated instead. A remarkable mitigation of the grid current was obtained, as well as an 
increase of the electromagnetic torque, although at the cost of rather high transitory currents 
on the auxiliary winding. The floating capacitor has to be charged before the start-up of the 
DOL DWIM. This goal can be reached in different ways by using low-power, low-voltage 
circuitries. A viable solution is presented in Figure 17, where a cascade connection of a 
small power transformer and diode rectifier was used to charge the floating capacitor. The 
performance in terms of inrush line current mitigation clearly improved by increasing 
the capacitance of the floating capacitor because this reduced the power drawn from the 
grid. However, a large flying capacitor may be impractical in some applications; hence, 
a smaller capacitor complemented by a parallel connected battery can be used instead. 
An alternative approach consists of operating the start-up at a higher DC-bus voltage in 
order to increase the energy stored in the floating capacitor. A cost-benefit analysis is also 
required to establish the inverter ratings and thus the overcurrent mitigation level during 
the start-up.
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(a)

Figure 13. Simulation results: (a) compensation of am with ATL = 20Nm; (b) compensation of aarn with Vabc5th = 30 V.
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(b)(a)

Figure 14. Harmonic content of motor quantities with and without the harmonic compensation when a sinusoidal torque 
disturbance is applied to the shaft: (a) main winding phase stator amplitude voltage Vas1, auxiliary winding phase stator 
voltage amplitude Vas2, main winding phase stator amplitude current Ias1, auxiliary winding phase stator amplitude 
current Ias2; (b) qd-axes main winding stator current Iqsl and Idsl, electromagnetic torque Te, mechanical speed a'rm.

---- Without Harmonics Compensation
---- With Harmonics Compensation

(a) (b)

Figure 15. Harmonic content of motor quantities with and without harmonic compensation when a 5th harmonic component 
is superimposed on the AC grid voltage: (a) main winding phase stator amplitude voltage Vasl, auxiliary winding phase 
stator voltage amplitude Vas2, main winding phase stator amplitude current Iasl, auxiliary winding phase stator amplitude 
current Ias2; (b) qd-axes main winding stator current Iqsl and Idsl, electromagnetic torque Te, mechanical speed a'rrn.
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(a) (b)

(c) (d)

Figure 16. Induction motor start-up current: (a) standard IM (3 kW), (b) standard IM (15 kW), (c) 3 kW with the proposed 
technique, and (d) 15 kW with the proposed technique.

Figure 17. Floating capacitor low-power, low-voltage charging circuit.
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5. Conclusions
The main aim of this paper was to demonstrate that the performance of direct line 

connected induction motors can be improved by introducing an auxiliary stator winding 
supplied by a partial power inverter. The auxiliary stator winding features fewer turns 
than the main one, and thus has lower voltage and power ratings. However, if suitably 
controlled, the additional winding allows for the achievement of an effective power factor 
control and a compensation of torque oscillations produced by the mechanical load or by 
distorted utility grid voltages. Moreover, under certain conditions, it is possible to mitigate 
the line overcurrent occurring during the start-up of the induction machine. The proposed 
solution is expected to be mainly applied for medium-high power range motors, where 
the cost of the system could be more affordable.
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Abstract: The integration of an electrical storage system (ESS) into a DC microgrid using a bidi
rectional DC/DC converter provides substantial benefits but requires careful design. Among such 
converter topologies, the Split-pi converter presents several merits at the cost of non-isolated oper
ation. However, the few works in the literature on the Split-pi presented only closed-loop control 
with a single control loop; furthermore, they neglected the reactive components’ parasitic resistances 
and did not perform any experimental validation. This work aimed at investigating the use of the 
Split-pi converter as a power interface between an ESS and a DC microgrid. Five typical microgrid 
scenarios are presented, where each of which requires a specific state-space model and a suitable 
control scheme for the converter to obtain high performance. In this study, two different state-space 
models of the converter that consider the parasitic elements are presented, the control schemes are 
discussed, and criteria for designing the controllers are also given. Several simulations, as well as 
experimental tests on a prototype realized in the lab, were performed to validate the study. Both the 
simulation and experimental results will be presented in part II of this work. The proposed approach 
has general validity and can also be followed when other bidirectional DC/DC converter topologies 
are employed to interface an ESS with a DC microgrid.
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Over the last few years, DC distribution in terrestrial and marine power systems has 
attracted a growing interest in view of the implementation of the smart microgrid paradigm 
due to its advantages in terms of simpler and more efficient electrical architectures. Con
sequently, power electronic converters that interface distributed generation units, loads, 
and above all, electrical storage systems (ESSs) with a common DC bus are the subject of 
renewed interest [1-3]. ESSs have manifold beneficial impacts on DC microgrids: they 
allow for improving stability and resiliency, compensate for the intermittency of renewable 
generation, provide ramping support to generators, and act as backup power sources. 
Furthermore, ESSs ensure a power buffer that can be leveraged to apply suitable energy 
management strategies to microgrids. In particular, energy management systems (EMSs) 
can be used to compute the optimal values of power flows among the microgrid devices, 
which allow for pursuing chosen objectives, such as a minimum electricity bill, maximum 
efficiency, minimum fuel consumption, or minimum greenhouse gas emissions [1,4-6].

Depending on the designer’s choice, the microgrid voltage can be controlled either 
stiffly using a single voltage generator or in a droop scheme using one or more voltage
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generators with a predefined power-sharing ratio, usually in proportion to their power 
rating (grid-forming generators). When an EMS is used, the other active devices of the 
microgrid must be controlled as current generators based on the optimal power flows 
that are computed by the EMS [1,5]. Therefore, depending on the specific configuration, 
the converter interfacing the ESS with the microgrid must be operated as a stiff voltage 
generator, a non-stiff voltage generator, or a current generator.

The scientific literature provides several contributions on bidirectional DC/DC con
verters (BDCs). Reference [7] presented an overview of BDCs, where, besides the review 
of both non-isolated and isolated configurations, the most relevant control schemes and 
switching strategies were analyzed. In some applications, galvanic isolation between the 
input and output side of the converter is required; in such cases, the most frequent choice 
is the dual active bridge converter (DAB) due to its many advantages [7-9]. However, iso
lation is mandatory only when very high voltage gain is needed. Non-isolated converters 
are thus more attractive when the goal is to improve the efficiency, size, weight, and cost of 
the system [7,10]. A review of non-isolated BDCs topologies was presented in [10]. The 
advantages and disadvantages of the considered converters were properly highlighted. 
For example, some converters provide an output voltage with opposite polarity than the 
input, some draw discontinuous current from the battery, while others require a tapped 
inductor or exhibit weak regulation capability or a high switch count. Overall, Tytelmaier 
et al. identified the half-bridge converter (HBC) and the related interleaving variants with 
coupled inductors as the most promising solutions from the efficiency and robustness 
standpoints [10]. Furthermore, Odo compared three non-isolated BDC topologies with 
the classical HBC in terms of their suitability for energy storage in a DC microgrid and 
identified the cascaded buck-boost HBC topology as the best compromise [11].

An interesting alternative is offered by the Split-pi converter, which is a non-isolated 
BDC that is based on two cascaded HBCs with a common bulk capacitor instead of a 
common inductor. As such, it is the dual topology of the cascaded buck-boost HBC that was 
analyzed in [7,10,11]. The Split-pi was initially developed for electric vehicles and patented 
in 2004 [12], and it is receiving increasing attention due to its distinct advantages [13-20]. 
It exhibits high efficiency, like the DAB, but with a reduced switch count (eight vs. four 
switches, of which, only two are actively commutated). Furthermore, LC filters at both 
ports of the Split-pi allow for small reactive components and reduce the switching noise. 
On the other hand, the additional phase delay introduced by such filters can slightly 
complicate this converter ’s control with respect to simpler converters [17,18]. Nonetheless, 
the control of the Split-pi is less complicated than that of the DAB because it requires 
conventional duty cycle control of the pulse width modulator (PWM) instead of phase shift 
control. An additional advantage of the Split-pi is its suitability for multiphase systems, 
where a significant reduction in component size and cost can be attained. These features 
make it attractive when high power density is required, such as in hybrid electric vehicles, 
renewable energy systems, and aerospace/marine/military applications [16,17].

Only three papers in the technical literature proposed applications in which the Split- 
pi converter was not controlled using an open-loop [16,17,19]. The aim of [17] was to 
study a system in which the Split-pi interfaced a flywheel with a 12 V, 120 W DC bus 
connecting a photovoltaic generator with a passive load. However, in the related control 
scheme, only one control loop was active at a time (either for the output voltage or the input 
current) using a shared controller, and the choice was made using a rule-based approach. 
Singhai et al. did not focus on a specific application and presented a state-space model of 
the Split-pi converter and a transfer function to design a closed-loop controller for its output 
voltage [16]. However, they considered the converter connected to a passive load and 
neglected the parasitic resistances. Finally, Monteiro et al. considered a Split-pi converter 
with a multilevel structure and controlled current or voltage in any of the two ports in 
an open-loop, whereas the common DC-link voltage was controlled in a closed-loop [19]. 
Only a few details about the control systems were given because the study mainly focused 
on comparing the multilevel Split-pi topology and the interleaved topology of [20].
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Apart from [17], all these works only presented simulation results without experimen
tal validation. Furthermore, they all studied closed-loop control with a single control loop, 
neglecting the reactive components’ parasitic resistances. However, when the converter 
is used to interface an ESS with an active load, such as a DC microgrid, it is essential to 
control both the ESS current and the output voltage/current of the converter, as required by 
the microgrid designer. Furthermore, the parasitic elements cannot be neglected because 
they affect the losses and the maximum gain attainable using the converter.

To cover these aspects, in this work, the use of the Split-pi converter in such an 
application was investigated with particular attention to its model, the design of its control 
system, and the assessment of the expected performance in all the possible microgrid 
configurations. In this first part of the work, it was shown that the Split-pi must be 
modeled in two different ways depending on the microgrid scenario and that control 
schemes involving a different number of control loops are needed. In the case of the 
output voltage control, a feed-forward action was also required to obtain high performance. 
Furthermore, it was shown that conventional PI regulators alone were not sufficient to 
obtain the desired performance for output current control in stiff microgrids. The two state
space models considering the parasitic elements and the transfer functions of interest were 
given in the study, together with criteria to design the controllers. The chosen case study 
was a DC microgrid that was representative of both terrestrial and marine applications. 
In Part II of the work, a comprehensive performance assessment is presented based on 
simulations and experimental tests that validate the study. Finally, the proposed approach 
has general validity and can also be followed when other BDC topologies are used to 
interface a storage system with a DC microgrid.

2. Topology, Operation Modes, and Sizing of the Split-Pi Converter
The schematic of a symmetrical Split-pi converter is sketched in Figure 1, including its 

reactive components’ parasitic resistances. Such a converter can be viewed as the cascaded 
connection of a first HBC at port 1, a bulk capacitor, and another HBC at port 2. Since the 
two HBCs are bidirectional, the whole Split-pi converter is also a BDC. If the two HBCs 
have equal reactive components, the Split-pi is said to be symmetrical.

Figure 1. Schematic of the symmetrical Split-pi converter.

The four switches (S1-S4) were sketched in Figure 1 as ideal switches. In the original 
formulation of [12], they were implemented using MOSFETs to exploit the advantage of 
synchronous rectification. According to [12], the Split-pi has four operation modes, depend
ing on the relationship between V1 and V2 and on the power direction, as summarized in 
the first four rows of Table 1, which is an extension of the table reported in [18]. In this 
work, the Split-pi converter was used to interface a storage system (connected to port 1) 
with a DC microgrid (connected to port 2). It is worth noting that, whenever possible, the 
storage system is chosen so that V1 < V2 for both technical and safety reasons. Hence, the 
present work considered the Split-pi converter operating in modes 1 and 2.
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Table 1. Summary of the operating modes of the Split-pi converter.

Mode V1 < V2
Power 

Direction
Split-Pi 

Operation
Duty Cycle 

of S1
Duty Cycle 

of S2
Duty Cycle 

of S3
Duty Cycle 

of S4
Gain of the 

Split-Pi 
in Direction 1 -^ 2

1 Yes 1 ^ 2 Boost for1 ^ 2 d 1-d 0 1 1
1 d

2 Yes 2 ^ 1 Buck for2 ^ 1 d 1-d 0 1 1
1 d

3 No 1 ^ 2 Buck for1 ^ 2 0 1 1-d d d
4 No 2 ^ 1 Boost for2 ^ 1 0 1 1-d d d

The Split-pi components can be sized according to the classical formulas used for buck 
and boost converters [17,21]. Specifically, the minimum inductance value is expressed by 
(1) for both boost and buck operations; on the other hand, the minimum capacitance of 
the input and output capacitors Ce can be computed using (2), which is valid for a buck 
converter, whereas the minimum value of the bulk capacitance C is expressed by (3), which 
is valid for a boost converter:

_ 100 V2 (1 - d) d 
Lmin — j-t , , ,2Fswri% I1

(1)

_ 100(1 - d) 
Ce, min — 2 , ,

8Fsw rve% L
(2)

_ 100 12d 
min — Fswrv % V2.

(3)

In (1), (2), and (3), Fsw is the switching frequency; d is the duty cycle; V2 and I2 are the 
output voltage and current, respectively; I1 is the input current; ri% is the desired inductor 
current ripple; and rv% and rve% are the desired voltage ripple values on the bulk and 
external capacitors, respectively.

3. Possible DC Microgrid Scenarios, Load Models, and Required Control Schemes for 
the ESS Converter

In the present study, it was supposed that the Split-pi converter was used to interface 
an ESS with a DC microgrid. Under this hypothesis, several scenarios could be considered 
depending on the control mode chosen for both the storage-side converter and the grid-side 
converters interfacing other microgrid generators, if any. Depending on the combinations 
of the control modes of such converters, five scenarios were identified and, for each of 
them, a different type of load model and control scheme must be used. The different DC 
microgrid scenarios and the required load models and control schemes are discussed in the 
following subsections.

3.1. Possible DC Microgrid Scenarios
In general terms, one of the following situations can occur as a control mode for the 

microgrid converters:
• All the generator converters are controlled in droop mode to regulate the microgrid 

voltage with a predefined power-sharing ratio. Thus, each generator behaves as an 
ideal voltage generator with a series-connected resistance. The droop scheme leads 
to a simple but very reliable microgrid and does not require a communication infras
tructure. If a storage system is present, its droop characteristic is usually chosen so 
that no current is supplied at half the rated load of the microgrid, whereas charg- 
ing/discharging occurs for load power below/above such a value. If there is only one 
active device in the microgrid (either a storage system or a generator), it could also be 
controlled with a null droop resistance (stiff microgrid) so that the microgrid voltage 
does not vary with load power

• The microgrid follows a master-slave architecture: some converters for generators or 
storage systems (i.e., the masters) are controlled in droop mode (a null droop resistance 
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is possible only with a single master); the others (i.e., the slaves) behave as current 
generators and are managed by an EMS to pursue one or more predefined goals.
Therefore, three control modes are possible for both the storage-side and grid-side 

converters: stiff droop control, non-stiff droop control, and current control. The five 
scenarios resulting from the combinations of the control modes of such converters are 
described in the first three columns of Table 2. For the sake of clarity, such scenarios are 
referred to also by means of an abbreviation in the form Sx-Gy, where x and y specify the 
control mode for the storage-side and the grid-side converters, respectively. The range of 
options for x is:
• C for current control.
• D for non-stiff droop control.
• S for stiff droop control.

Figure 2. Equivalent active load transformations for non-stiff and stiff microgrids: (a) general load 
model for storage converter; (b) equivalent load model considered in scenarios #1-#4; (c) equivalent 
load model considered in scenario #5.

Table 2. Possible combinations of microgrid scenarios, converter and load models, and control schemes for the Split-pi.

Microgrid Scenario Storage 
Converter Other Generators State-Space Model of 

the Split-Pi

Load for the 
State-Space Model of 

the Split-Pi
Control Scheme

#1 
(SS-GN)

Droop mode with 
Rd = 0 (stiff microgrid)

No other generator 
present (passive load) or 
all current controlled by 

the EMS

Model A R and Ieq, 
as in Figure 2b

2 loops + FF, as in 
Figure 3 with Rds =0

#2
(SD-GN)

Droop mode with 
Rd = 0

No other generator 
present (passive load) or 
all current controlled by 

the EMS

Model A R and Ieq, 
as in Figure 2b

3 loops + FF, as 
in Figure 3

#3 
(SD-GD)

Droop mode with 
Rd = 0

At least one is droop 
controlled and none has

Rd =0
Model A R (low) and Ieq, 

as in Figure 2b
3 loops + FF, as 

in Figure 3

#4 
(SC-GD) Current mode

At least one is droop 
controlled and none has

Rd =0
Model A R (low) and Ieq, 

as in Figure 2b 2 loops, as in Figure 4

#5 
(SC-GS) Current mode

One is droop controlled 
and has Rd = 0 (stiff 

microgrid); the others, if 
present, are current 

controlled by the EMS

Model B Ed, 
as in Figure 2c 2 loops, as in Figure 4

As for the options for y:
• N if no grid-side generator is present or if none of the grid-side generators are operated

with droop control.
• D if at least one generator is droop controlled but not in a stiff way.
• S if there is one generator operated with stiff droop control; in such a case, the other 

grid-side generators, if present, must be current controlled by the EMS.

3.2. Possible Load Models for the ESS Converter
The dynamic behavior of the storage converter is affected by the load that it must 

supply, which depends not only on the passive loads of the DC microgrid but also on the 
possible presence of grid-side generators. In the most general case, the load for the ESS 
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converter can be modeled following these steps: (1) aggregating all the droop-controlled 
generators of the microgrid using Thevenin’s theorem, obtaining parameters Ed and Rd; 
(2) combining all the current-controlled generators managed by the EMS to compute the 
overall current I; (3) including an aggregated passive load Rload . The resulting circuit 
model is shown in Figure 2a. However, it is convenient to reduce such a model to a 
suitable equivalent form comprising only one generator. Toward this aim, it is necessary 
to distinguish between the five scenarios. In scenarios #3 (SD-GD) and #4 (SC-GD), using 
Norton’s theorem, the couple Ed, Rd can be substituted with an equivalent current generator 
Ed /Rd and a parallel-connected resistance Rd . Then, the load can be reduced to that of 
Figure 2b with the following assumptions: Ieq = I + Ed/Rd and R = Rload//Rd, where // 
denotes the parallel connection of circuit elements. In scenarios #1 (SS-GN) and #2 (SD-GN), 
the same scheme of Figure 2b can be used assuming Ieq = I and R = Rload . Furthermore, 
in scenario #5 (SC-GS), the converter’s output voltage is set equal to Ed because Rd =0. 
Since both Rload and I are now parallel connected to an ideal voltage generator, they do not 
influence the converter ’s dynamics. Thus, the load can be modeled as shown in Figure 2c.

Figure 3. Control scheme that is used for the voltage control of the ESS converter in scenarios 
#1 (SS-GN), #2 (SD-GN), and #3 (SD-GD).

Figure 4. Control scheme that is used for the current control of the ESS converter in scenarios 
#4 (SC-GD) and #5 (SC-GS).

In the following, the state-space model of the storage converter connected to the load 
of Figure 2b is denoted as model A, whereas model B refers to the converter connected to 
the load of Figure 2c. The derivation of such models is given in Section 4. The relationship 
between the possible DC microgrid scenarios and the storage converter and load models 
is described in the first five columns of Table 2. It is worth noting that the value of the 
equivalent load resistance R considered in scenarios #3 (SD-GD) and #4 (SC-GD) is much 
lower than that of scenarios #1 (SS-GN) and #2 (SD-GN) because it results from the parallel 
connection of Rload and Rd . Finally, the last column of Table 2 reports the required control 
scheme for the ESS converter in each microgrid scenario according to the considerations 
given in the following section.

3.3. Required Control Schemes for the ESS Converter
In general, the closed-loop control scheme for the storage converter depends on the 

microgrid scenario. However, regardless of the scenario, an important goal is to control the 
current IL 1 of the leftmost inductor to ensure that it is compatible with the storage system’s 
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current state. Thus, in the related control loop, its reference value should be dynamically 
saturated to avoid overcharging or overdischarging the storage system.

In the first three scenarios, i.e., SS-GN, SD-GN, and SD-GD, besides the current loop 
for IL1, a voltage loop is needed to regulate the output voltage V2 at the nominal voltage 
V2n . A suitable controller is required in each control loop. Typically, PI or PID regulators 
with an anti-windup action are used, which must be designed to obtain a stable system with 
the desired dynamics. In scenarios #2 (SD-GN) and #3 (SD-GD), a third loop is also required 
to implement the droop characteristic of the storage converter by computing the voltage 
reference V2ref based on the output current 12 according to the equation V2,ref = Eds — Rds^I2, 
where Eds and Rds are the parameters of the droop characteristic of such a converter. The 
control scheme used in scenarios #1 (SS-GN), #2 (SD-GN), and #3 (SD-GD) is depicted in 
Figure 3. In particular, the external loop is opened in scenario #1 (SS-GN) because Rd =0. 
The presence of the current generator Ieq in parallel to the load resistance is considered a 
disturbance that affects the system’s output, which will be suitably compensated for by the 
control system, regardless of the related transfer function. As will be shown in Section 6, 
when the output voltage V2 is controlled, a feed-forward (FF) action is also required in 
addition to the voltage loop to suitably reduce the overshoot. Since Ieq cannot be measured, 
the output current I2 is chosen as the FF action input.

On the other hand, the converter is current-controlled in scenarios #4 (SC-GD) and 
#5 (SC-GS). In these cases, besides the inner loop for IL1, another current loop is needed 
to regulate the output current I2 based on a reference I2ref that is computed by the EMS. 
The related control scheme is shown in Figure 4. Again, the external voltage or current 
generator is considered a disturbance, and the related transfer function is irrelevant.

The type of control scheme to be used in each microgrid scenario and the required 
number of control loops are reported in the last column of Table 2. It is worth noting that 
suitable saturators are required in the controllers of each loop (Gci1, Gcv2, Gci2). Specifically, 
the output of the controller Gci1 (i.e., the duty cycle d) is bounded by the interval [0; 0.9] to 
avoid overcurrents due to prolonged transients with d = 1. On the other hand, the reference 
value for IL1 (i.e., the output of Gcv plus the FF term or the output of Gci2) is bounded by 
the interval [—Icx; Idx], where Icx and Idx are the maximum charging/discharging currents 
of the storage system. Finally, the upper or lower bound of such an interval is dynamically 
replaced with zero if the battery SOC reaches 100% or goes below the minimum allowed 
SOC, respectively.

4. State-Space Models of the Split-Pi Converter
The two state-space models of a Split-pi converter that interfaces a storage system 

with a non-stiff (scenarios #1~#4) or stiff (scenario #5) microgrid and operates with V1 < V2 

are presented in the following. They consider the parasitic elements and were determined 
according to the state-space averaging technique [22].

4.1. State-Space Model A: Split-Pi Converter Connected to a Non-Stiff Microgrid
The state-space model of a Split-pi converter connected to a non-stiff microgrid and 

operating with V1 < V2 can be expressed in matrix form as follows:

x. = Ax + Bu 
y = Cx + Du 

x = [Il 1, Il2, Vc, Ve]' 

u = [ V1, leq ]' 

y =[ Il 1, V2,I2]'

(4)

(5)

(6)

(7)
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Aon

Aoff =

{
A = dAon + (1 - d) Aoff
B = dBon + (1 - d)Bof f
C =dAon+ (1-d)Coff
D =dDon+ (1-d)Doff

- RLL 0
0 - RLt
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0 R0 RsumCe

00
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0 0
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L
0
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0
R 
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RsumCe
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1 
L
0
0
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0
0 RsumCe
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10
0 Rp

0 ReRsum

0
0
0

0
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Rsum

Rsum

00
Don = Doff = 0

0
Rp

R
RRsm. -I

(8)

(9)

(10)

(11)

(12)

(13)

where Rp = R//Re, Rsum = R + Re, and Rtot = Rp + RL + Rc.
Since Bon = Boff and Don = Doff, the small-signal behavior of the converter does not 

depend on the input values. According to the method described in [21], the model can be 
linearized around a chosen operating point corresponding to the duty cycle d and the state 
x = [Il 10, Il20, Vc0, Ve0] , obtaining the following transfer functions:

n3s3 + n2s2 + n1s + n0
Gp1( s) d d 4 s4 + d 3 s3 + d 2 s2 + d 1 s + d 0

(14)

r '2
Gp 2(s) = RkIL 10 (1 + sRcC)(1 + sReCeK1 - sRLi)

_ „ _ _—=------------------------ z----------- z------------------------------
L2CCeRsum n3s3 + n2s2 + n1s + n0 

(15)

whose coefficients ni, di, and Rk are given in Appendix A. Gp1(s) and Gp2(s) are small-signal 
transfer functions that express the effect of perturbations of a variable on another one (both 
denoted with a tilde). According to Figure 3, Gp1(s) expresses the relationship between 
d and IL1, whereas Gp2(s) describes the dependence of I2 on IL1. Clearly, the relationship 
between Il 1 and V2 is expressed by Gp2(s)-R.

4.2. State-Space Model B: Split-Pi Converter Connected to a Stiff Microgrid
In the case of a Split-pi converter operating with V1 < V2 and connected to a stiff microgrid, 

(4) and (8) are still valid, but (5), (6), (7),(9), (10) and (11), (12), (13) are replaced by (16), (17), (18), 
(19), (20) and (21), (22), (23), respectively.

x =[Il 1, Il2, Vc, Ve]' (16)

u =[ V1, Ed ]' (17)

y =[ Il 1,12]' (18)
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5. Case Study and Converter Sizing
In this section, the chosen case study is described and the droop characteristics of both 

the storage converter and the voltage generator of the microgrid are discussed. Then, the 
Split-pi converter’s reactive components are sized based on the chosen case study’s param
eters.

With no loss of generality, the proposed investigation was performed by referring 
to a 48 V, 750 W storage system that was interfaced with a 180 V DC microgrid using a 
Split-pi converter. The chosen case study can represent the onboard grid of an unmanned 
marine vehicle or a scaled prototype of a residential DC microgrid with a 120 V, 60 Hz, 
single-phase, grid-connected inverter, whose DC link voltage must be higher than 170 V 
DC. The rated values of the system under study are shown in Table 3.

As for the chosen droop characteristic of the storage converter, in scenario #1 (SS-GN) 
it was defined by Eds = 180 V and Rds = 0, whereas in scenarios #2 (SD-GN) and #3 (SD-GD), 
it was expressed by Eds = 180 V and Rds = 2.2 O, i.e., imposing a 5% voltage reduction at 
the nominal current. For the equivalent droop-controlled microgrid generator, the same 
parameters as those of the storage converter were chosen in scenario #4 (SC-GD). On the 
other hand, in scenario #3 (SD-GD), the following parameters were used for the droop- 
controlled microgrid generator: Ed = 198 V and Rd =9O; with this choice, the storage 
system did not supply any power for half the rated load of the microgrid, as desired.

Don = Doff = 0

(19)

(20)

(21)

(22)

(23)

0
0
0

0

1

Again, the small-signal behavior does not depend on input values. The model can 
be linearized around a chosen operating point corresponding to d and x, obtaining the 
transfer functions (24) and (25), whose coefficients ni, di, and Rk are given in Appendix B. 
According to Figure 4, Gp1(s) expresses the relationship between d and IL1, whereas Gp2(s) 
describes the dependence ofI2 on IL1. It is worth noting that a zero-pole cancellation occurs 
due to the stiff voltage imposed on the ReCe branch at port 2; thus, the resulting system’s 
order is three instead of four and the voltage and current on Ce cannot be controlled.

Gp1 (s) “ Il 1 _ n 2 s2 + n 1 s + n o
d d 3 s3 + d 2 s2 + d 1 s + d o

(24)

r t2. 72
Gp 2(s) - |^

Rkh, 10 (1 + sRcC)(1 “ sRLk') 
---- •----------------- z------------------------

L2C n2s2 + n1s + n0
(25)
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Finally, a constant voltage generator Ed = 180 V was considered in scenario #5 (SC-GS) to 
model the microgrid’s stiff voltage generator.

Table 3. Rated values of the system.

Parameter Symbol Value

Switching frequency Fsw 20 kHz
Nominal output voltage V2n 180 V
Nominal input voltage V1n 50 V

Nominal power Pn 750 W
Nominal load resistance Rn 43.2 n
Nominal input current I1n 15 A

Max- charge/discharge current Icx, Idx 18 A
Nominal output current I2 n 4-167 A

Nominal duty cycle d 0-722

The Split-pi’s reactive components were sized using (1), (2), (3), and the following 
parameters were set: ri% = ±6.0%, rve% = ±0.2%, rv% = ±0.2%. Consequently, the following 
minimum inductor and capacitor ratings were obtained: Lmin = 803 pH, Ce,min = 113 pF, 
Cmin = 419 pF- Aiming to build a converter prototype and due to component availability, 
slightly higher values were chosen for the reactive components; they are reported in Table 4, 
together with their parasitic resistances-

Table 4. Reactive components of the Split-pi-

Parameter Symbol Value

Inductance value of L L 1000 pH
Parasitic resistance of L RL 65 mn
Capacitance value of Ce Ce 200 pF
Parasitic resistance of Ce Re 260 mn
Capacitance value of C C 540 pF
Parasitic resistance of C Rc 125 mn

6. Control System Design
The control system of the Split-pi converter must be designed by considering the 

specific microgrid scenario in which it will be used- However, in any case, it must be 
assumed that the converter supplies its rated power without any contribution from the 
external current or voltage generators, which are seen as disturbances- If the imposed 
stability margins are sufficiently wide, the designed controllers will be effective also at 
lighter loads, i-e-, with higher values of R- Thus, models A and B must be linearized around 
the operating point corresponding to the rated values of the duty cycle and state variables: 
d = 0.722 and x = [Il 10, Il20, V.0, Ve0]' = [15, 4-167, 180, 180]'. No other condition is 
needed for model B in scenario #5 (SC-GS)- As for model A, instead, it is R = Rn in scenarios 
#1 (SS-GN) and #2 (SD-GN) and R = Rn//Rd in scenarios #3 (SD-GD) and #4 (SC-GD)-

All the above values must be substituted into (A1)-(A6), given in Appendix A, to 
obtain the coefficients of the transfer functions of interest- Then, designing of the controllers 
Gci1, Gcv2, and Gci2 can be performed with classic techniques that involve imposing suitable 
values of the crossover frequency mc and phase margin m T and ensuring a suitable gain 
margin mg [23]- For each control loop and scenario, the imposed values and the obtained 
PI coefficients and gain margins are summarized in Tables 5 and 6- Furthermore, a baseline 
scenario employing the control scheme of Figure 3 with Rd = 0 and without the FF action 
was also considered for comparison purposes to show the usefulness of such an action-
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Table 5. Coefficients of PI regulators in the case of model A.

Loop Scenario Value of R Controller Imposed Wc and mv PI Coefficients Obtained mg

Current IL 1
Baseline

#1 (SS-GN)
#2 (SD-GN)

Rn Gci1 wc 3000 rad/s and m^= 85° Kpi = 0.0160 
Kii = 5.3703 to

Current IL1 #3 (SD-GD)
#4 (SC-GD) Rn//Rd Gci1 wc 3000 rad/s and m^= 85° Kpi = 0.0161 

Kii = 5.2481 TO

Voltage V2 
without FF Baseline Rn Gcv2 wc= 100 rad/s and m^ = 85° Kpv = 0.2659

Kiv = 18.6209 12.7 dB

Voltage V2 
with FF

#1 (SS-GN)
#2 (SD-GN) Rn Gcv2 wc= 100 rad/s and m^ = 85° Kpv = 0.2712

Kiv = 10.4112 13.1 dB

Voltage V2 
with FF #3 (SD-GD) Rn//Rd Gcv2 wc= 100 rad/s and m^ = 85° Kpv = 0.3284

Kiv = 14.6218 24.2 dB

Current I2 #4 (SC-GD) Rn//Rd Gci2 wc= 100 rad/s and m^ = 85° Kpi2 = 0.3746
Kii2 = 389.045 23.7 dB

Table 6. Coefficients of PI regulators in the case of model B.

Loop Scenario Controller Imposed Wc and m^ PI Coefficients Obtained mg

Current IL1 #5 (SC-GS) Gci1 wc 3000 rad/s and m^ = 85° Kpi = 0.0161 
Kii = 5.0699 TO

Current I2 #5 (SC-GS) Gci2 wc 100 rad/s and m^ = 85° Kpi2 = 1.1953 
Kii2 = 362.22

13.6 dB 
with Gadd(s)

It is worth noting that the design of the controllers must be very conservative. By 
design, the currents IL1 and IL2 have a significant switching ripple compared to the in- 
put/output currents and voltages. Thus, the desired crossover frequency for the IL 1 loop 
must be suitably lower than Fsw to avoid the switching ripple being processed by the 
controller. The crossover frequency of the loop for V2 or I2 must be even lower for proper 
decoupling with respect to the inner loop. When the converter supplies a passive load 
(Rload), some ringing can be tolerated, and the usually adopted phase margin (50-60°) is sat
isfactory. Instead, in the case of an active microgrid, the combined variations of I and Rload 
could determine a significant excursion from the nominal operating point and pronounced 
under/overshoots; thus, a higher phase margin (i.e., mT > 80°) is required to ensure 
stability under all the operating conditions. As for the gain margin, the usually adopted 
criterion (i.e., mg > 12 dB) is enough to ensure robustness against parameter variations.

As for the chosen case study, some noteworthy remarks can be made:
• Regardless of the value of R, models A and B exhibited nearly the same dynam

ics for IL1; therefore, the corresponding PI regulators Gci1 had similar coefficients. 
On the other hand, the dynamics of I2 were quite dissimilar and required different 
Gci2 controllers.

• In the case of model B, it could be possible to achieve the desired wc and m v with a PI
or I regulator alone, but the gain margin would be around 6.6 dB due to a resonance 
peak; thus, the second-order transfer function (26) must be included after the PI 
regulator to attenuate such a peak and achieve a gain margin of 13.6 dB.

• The dynamics of I2 were very sensitive to the value of R in model A; thus, an unstable 
system was obtained in scenario #4 (SC-GD) if the controllers were designed assuming 
R = Rn instead of R = Rn//Rd.

• Without the FF action, the dynamics of V2 were sensitive to the value of R: a signifi
cantly slower behavior was obtained if the controllers were designed assuming R = Rn 
in scenario #3 (SD-GD) instead of R = Rn//Rd; on the other hand, a significant ringing 
was obtained if the controllers were designed considering R = Rn//Rd in scenarios 
#1 (SS-GN) and #2 (SD-GN) instead of R = Rn .

141



Energies 2021, 14, 4902

• Using the FF action, the dynamics of V2 were pretty insensitive to the value of R; thus, 
almost no variation was obtained in scenarios #1 (SS-GN), #2 (SD-GN), and #3 (SD-GD) 
if the controllers were designed when considering either R = Rn//Rd or R = Rn.
Several simulations were performed to assess the performance of the controlled system 

in all the scenarios. Then, a prototype of the Split-pi converter was built, and experimental 
tests were performed in several conditions that covered the baseline scenario and all the 
other five scenarios, obtaining successful results. The simulation and experimental results 
validating the study are presented in part II of this work.

1
Gadd(s)= (1 + 533) (1 + 606)

(26)

7. Conclusions
The Split-pi converter is a suitable choice to interface electrical storage systems with 

DC microgrids. It offers distinct advantages, such as high efficiency, reduced switch count 
and switching noise, and suitability for multiphase systems at the cost of non-isolated 
operation. However, to obtain high performance, its control system must be suitably 
designed according to the specific microgrid scenario in which it will be used.

In this study, five typical microgrid scenarios were identified and analyzed, where 
each of which required a specific state-space model and a suitable control scheme for 
the converter. Two different state-space models were presented for the Split-pi converter 
operating with the storage-side voltage being lower than the grid-side voltage. Both 
models considered the parasitic elements of the reactive components. As for the control 
scheme, the number of required control loops depended on the scenario. It was shown that 
feed-forward action is needed to obtain a high performance in the case of voltage control 
and that, sometimes, conventional PI regulators alone were not sufficient for stable current 
control. The most relevant transfer functions of the Split-pi converter were given, together 
with criteria to design the controllers. Several simulations, as well as experimental tests on 
a prototype realized in the lab, were performed to validate the study, whose results will be 
presented in part II of this work.

The approach followed in this study has general validity and can also be followed 
to devise the state-space model of a Split-pi operating with a storage-side voltage that is 
higher than the grid-side voltage or when other bidirectional DC/DC converter topologies 
are employed to interface an ESS with a DC microgrid. Furthermore, the presented study 
builds the premises for designing unconventional control systems for the Split-pi that are 
suitable for operating in more than one microgrid scenario.
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Nomenclature

d 
d 
di

m^ 
mg

ni

ri% 

rv% 

rve%

u
x
x
y

Wc

A,B,C,D
C
Ce

Ce,min

C min

Ed

Eds 

Fsw

Gadd(s)

Gci1(s) 
Gci2(s) 

Gcv2(s) 

Gp1(s) 
Gp2(s)

I

I1

I1n

I2
I2n

I2ref

Id
Icx

Idx

Ieq

Duty cycle
Average duty cycle for state-space model linearization
Coefficients of the denominator of the transfer function Gp1(s)
Phase margin
Gain margin
Coefficients of the numerator of the transfer function Gp1(s) and the 
denominator of Gp2 (s)
Current ripple in input/output inductor L
Voltage ripple in the bulk capacitor C
Voltage ripple in the external capacitor Ce

Input vector of the state-space model of the Split-pi converter
State vector of the state-space model of the Split-pi converter
Average state vector for state-space model linearization
Output vector of the state-space model of the Split-pi converter
Crossover frequency
Matrices of the state-space model of the Split-pi converter
Bulk capacitor of the Split-pi converter
External input/output capacitor of the Split-pi converter
Minimum capacitance value to obtain the chosen ripple rve%
Minimum capacitance value to obtain the chosen ripple rv%
Equivalent no-load voltage of the aggregated droop-controlled generators of the 
microgrid in scenario #5 after load transformation
No-load voltage used to control the storage converter in droop mode
Switching frequency
Additional transfer function to be included after the PI regulator of current loop 
for I2 in the case of stiff microgrid
Transfer function of the controller for the internal current loop for IL 1
Transfer function of the controller for the external current loop for I2
Transfer function of the controller for the voltage loop for V2
Transfer function of the process that expresses the relationship between d and IL1
Transfer function of the process that expresses the relationship between IL 1 and I2 
Current supplied by the aggregated current generators of the microgrid managed 
by the EMS
Input current of the Split-pi converter (port 1, storage-side)
Nominal input current (storage-side)
Output current of the Split-pi converter (port 2, grid-side)
Nominal output current (grid-side)
Reference current computed using the EMS for the storage converter controlled 
in current mode
Current supplied by the aggregated droop-controlled generators of the microgrid
Maximum charging current of the storage system
Maximum discharging current of the storage system
Equivalent current generator considered as active load in scenarios #1-#4 after 
load transformation

IL1 Current of the leftmost inductor of the Split-pi converter (port 1, storage-side)
IL 10 Average current value of the leftmost inductor for model linearization
IL2 Current of the rightmost inductor of the Split-pi converter (port 2, grid-side)
IL20 Average current value of the rightmost inductor for model linearization
Kii Integral gain of the PI regulator of current loop for IL 1
Kii2 Integral gain of the PI regulator of current loop for I2
Kiv Integral gain of the PI regulator of voltage loop for V2
Kpi Proportional gain of the PI regulator of current loop for IL1
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Kpi2 

Kpv 

L
L min
Pn 

R
Rc

Rd

Rds 

Re 

RL 

Rload 

Rk 

Rn 

SOC 
V1 

V1n 

V2 

V2n

V2ref

Vc 

Vc0
Ve 

Ve0

Proportional gain of the PI regulator of current loop for I2
Proportional gain of the PI regulator of voltage loop for V2
Inductor at input/output ports of the Split-pi converter
Minimum inductance value to obtain the chosen ripple ri%
Nominal power of the storage converter
Equivalent load resistance considered in scenarios #1-#4 after load transformation 
Parasitic resistance of bulk capacitor of the Split-pi converter
Equivalent droop resistance of the aggregated droop-controlled generators of 
the microgrid
Droop resistance used to control the storage converter in droop mode
Parasitic resistance of external input/output capacitor of the Split-pi converter 
Parasitic resistance of inductor at input/output ports of the Split-pi converter 
Equivalent load resistance of the microgrid
Fictitious resistance term appearing in the transfer function Gp2(s)
Nominal load resistance
State of charge of the storage system
Input voltage of the Split-pi converter (port 1, storage-side)
Nominal input voltage (storage-side)
Output voltage of the Split-pi converter (port 2, grid-side)
Nominal output voltage (grid-side)
Reference output (microgrid) voltage for the storage converter controlled 
in droop mode
Voltage of the bulk capacitor of the Split-pi converter
Average voltage value of the bulk capacitor for model linearization
Voltage of the external input/output capacitor of the Split-pi converter 
Average voltage value of the external capacitors for model linearization

Appendix A. Coefficients of the Transfer Functions of Model A
The coefficients of the transfer functions (14) and (15) of state-space model A are 

expressed using the following equations:

' Vco + V. 0 + Rc (IL 10 — IL20)n 3 L
_ (1 — d) Il 10(L — CR2) + n3LC (Rp + Rl + Rc + CeRsum)

n2 = / L L2 C \
(1 — d) IL10 | R„ + RL—Rc + RcR — Rc| + n 3 l( CR,2 + CRt™ + 1 IL10 p L c c Ce Rsum 3 Ce Rs2um Ce Rsum

n1 = 2 L2C_ (1 — d) IL 10( R + RL — Rc) + n 3L 1
n0 = L2C R u

d 4 = 1
J   Rp + 2 RL + (2 — d) Rc ( 1
d 3 = l : + CeRssum

. R + 2 Rl + (2 — d) Rc 1
d 2 =-------------?—~ • m +

R l + RlRp + Rc ((2 — d) Rl + d (1—d) Rc + (1 — d) Rp) + 1 + (1 — d )2

a  (2— d)rl + d(1— d)(Rc— RL—Rp)+ (1—d)Rp +

Rl 2l + RLR + Rc ((2 — d) RL + d (1 — d) Rc + (1 — d) R) + 1 + (1 — d )2^ 1

d __ (2 — d)RL + d(1 — d)(Rc — RL — R) + (1 — d)R 1
d0 = L2C ' CeRsum

(A1)

(A2)

Rk _
(1 — ( Vc0 — IL20Rc )

IL10
— RL (A3)
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Appendix B. Coefficients of the Transfer Functions of Model B
The coefficients of the transfer functions (24) and (25) of state-space model B are 

expressed using the following equations:

n   Vc0 + Rc (IL 10 — IL20)n 2 l_ (1 - d) IL 10 (L - CR2 ) + n2LC(RL + Rc)
n1 = _ L2 C_ (1 — d) IL 10( RL — Rc) + n 2L

n0 = L2C

' d 3 = 1
2 2 RL + (2 — d) Rc

d 2 = ------ _L _ _
, _RL + Rc ((2 — d)RL + d(1 — d)Rc) 1 + (1 — d)2

d 1 = \- + LCJ _ (2 — d)RL + d(1 — d)(Rc — RL)
d 0 = L2C

(A4)

(A5)

Rk = (1 — d^ ( Vc0 — IL20Rc) 
IL10

RL (A6)
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1. Introduction
Low voltage DC microgrids present well-known advantages over AC microgrids, 

such as increased efficiency, lower cost, simplified power electronic converters and related 
control systems, as well as easier power flow management. In general, their voltage level 
depends on the rated power. In fact, for a given power level, a higher voltage allows 
reducing the circulating currents and, in turn, the cross-section of the conductors; thus, a 
reduction of volume, weight, and cost can be attained by increasing the voltage level.

DC microgrids in stationary applications are mainly proposed for residential and 
commercial buildings with load powers ranging from 1 kW to hundreds of kilowatts. As 
explained in [1-3], several possibilities exist for their rated voltage. Typically, the rated DC 
voltage is chosen coherently with the standard AC ratings, i.e., 120 V DC, 230 V DC, or 400 V 
DC. Alternatively, if the DC microgrid is supplied by a passive diode rectifier connected to 
the mains, its voltage equals the rectified mains (i.e., 170 V DC, 325 V DC, or 566 V DC). 
Finally, if an active rectifier supplies the DC microgrid and the latter encompasses AC loads 
supplied by an inverter, slightly higher values than the rectified mains must be chosen to 
provide a suitable margin for voltage regulation.

As for DC microgrids in mobile applications, whenever possible, 48 V DC is chosen to 
exploit the advantages of Safety Extra-Low Voltage (SELV) systems. However, the rated

Energies 2021, 14, 5616. https://doi.org/10.3390/en14185616 https://www.mdpi.com/journal/energies
147

mailto:massimiliano.luna@cnr.it
mailto:angelo.accetta@cnr.it
mailto:giuseppe.latona@cnr.it
mailto:marcello.pucci@cnr.it
mailto:antonino.sferlazza@unipa.it
mailto:mariacarmela.dipiazza@cnr.it
https://doi.org/
creativecommons.org/licenses/by/
https://doi.org/10.3390/en14185616
https://www.mdpi.com/journal/energies


Energies 2021, 14, 5616

power of the electrical equipment used in mobile applications is constantly increasing, and 
so does the nominal DC voltage. Contrarily to the 270 V DC bus imposed to aircraft and 
unmanned aerial vehicles (UAVs) by the standard MIL-STD-704F [4], no specific voltage 
level has been established for marine applications, except for large vessels and cruise ships, 
where 1 kV or 1.5 kV DC is commonly chosen.

For example, a 120 V DC microgrid supplied the 5 kW load of the small underwater 
remotely operated vehicle (ROV) described in [5]. Additionally, 200 V DC microgrids were 
considered as case studies in [6] and [7]. In the first case, a 1 kW docking system with 
bidirectional wireless power transmission capability was proposed for an autonomous 
underwater vehicle (AUV). In the other case, a centralized stabilizer was designed for a 
marine DC microgrid used in offshore and ship applications. A 400 V marine DC microgrid 
was considered in [8] and [9]. In particular, the microgrid of [8] was supplied by a fuel cell 
and delivered up to 90 kW to the electrical loads of a sailing boat; instead, the shipboard 
microgrid of [9] encompassed a 400 kW storage system, and it was studied to devise a 
power management strategy. A 500 V DC shipboard microgrid with two buses and two 
synchronous generators with 35 kW of total installed power was considered in [10]. Finally, 
shipboard microgrids with rated voltage ranging from 700 to 750 V DC were considered 
as case studies in [11] and [12]. In the first case, the microgrid supplied a 12 kW load 
connected to a 700 V DC bus, and a distributed secondary control strategy was proposed. 
In the other case, the microgrid of a ferry vessel was modeled for fuel cell integration 
studies; three 800 kW fuel cells powered three interconnected DC busbars at 750 V DC.

In any case, DC distribution in terrestrial and marine power systems requires extensive 
use of power electronic converters to interface distributed generation units, loads, and 
electrical storage systems (ESSs) [13-15]. In particular, bidirectional DC/DC converters 
are exploited to integrate ESSs into DC microgrids providing manifold benefits such as 
improved stability and resiliency, compensation of renewable generator’s fluctuations, 
ramping support to generators, and the possibility to employ suitable energy management 
systems (EMSs) to optimize microgrid power flows [13,16-18].

Among the several topologies of bidirectional DC-DC power converters, the Split-pi 
is receiving increasing attention due to its distinct advantages such as high efficiency, 
reduced switch count, small reactive components and switching noise, as well as suitability 
for multiphase systems, at the only cost of non-isolated operation [19-27]. However, 
none of the previous works on the Split-pi focused on the connection to DC microgrids. 
Furthermore, only three papers proposed applications in which such a converter was 
not controlled in an open-loop fashion [23,24,26]. Such papers, however, presented only 
closed-loop applications with a single control loop; furthermore, they neglected the reactive 
components’ parasitic resistances and did not perform any experimental validation.

On the other hand, the integration of DC-DC bidirectional converters into a DC mi
crogrid requires a careful design of the power converter’s control system, depending on 
how the microgrid voltage is controlled (stiff voltage control by a single generator, multiple 
droop-controlled voltage generators respecting a predefined power-sharing ratio or master
slave control supervised by an EMS). To the best of the authors’ knowledge, no paper in 
the technical literature presented a comprehensive analysis of all the scenarios in which a 
bidirectional DC/DC converter can be used to interface an ESS with a DC microgrid. The 
traced contributions fall into two categories. On the one hand, many authors presented a 
specific converter topology for microgrid applications but modeled the converter consid
ering its output closed on either a load resistor or an ideal voltage source. Therefore, the 
respect of the chosen stability margin was not guaranteed in real applications where mixed 
loads stem from the combination of passive loads, droop-controlled voltage generators, 
and current sources controlled by EMSs. On the other hand, other authors modeled the 
whole microgrid based on power system or control approaches with different goals such 
as assessing stabilization and fault or power management techniques or minimizing cir
culating currents. Thus, such studies were focused on a higher operation level than the 
present work.
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This paper is the second part of a work aimed at analyzing all the scenarios in which 
a bidirectional DC/DC converter is used to interface an ESS with a DC microgrid. Part I 
dealt with the theoretical aspects of the problem [28]. First, the five possible DC microgrid 
scenarios were identified. Then, it was shown that a specific state-space model and a 
suitable control scheme were required to obtain high performance from the Split-pi in 
each scenario. The proposed models (denoted as models A and B) considered the parasitic 
resistances. The control schemes required two to three control loops plus a feed-forward 
(FF) action depending on the scenario. Finally, a more complex compensator than a 
conventional PI regulator was needed for output current control in stiff microgrids.

The present paper completes the study proposed in part I, validating the theoretical 
analysis based on a comprehensive set of simulations and experimental tests. Due to 
constraints imposed by the available lab equipment, a 180 V DC, 750 W microgrid was 
chosen as a case study. It can represent a reduced-power prototype of terrestrial and marine 
microgrids, e.g., a residential DC microgrid encompassing 120 V AC loads supplied by 
an inverter or the DC microgrid onboard a small-power ROV or AUV. Such an approach 
is coherent with [29], in which the microgrid of an electric ferry powered by fuel cells 
was scaled down to 110 V DC, 500 W to validate a stability enhancement technique. In 
any case, the choice of the voltage rating of the microgrid does not affect the validity 
of the conclusions, which can be straightforwardly extended to the whole range of low 
voltage DC.

A prototype of the Split-pi converter was realized in the lab to interface an emulated 
48 V ESS with the 180 V microgrid. Then, several experimental tests were performed to 
assess the performance in each scenario. The results obtained from the experimental tests 
were coherent with the simulations and validated the study. Finally, it is worth remarking 
on the general validity of the proposed approach, which can also be followed when other 
bidirectional DC/DC converter topologies are employed to interface an ESS with a DC 
microgrid.

2. Overview of the DC Microgrid Scenarios for the Operation of the Split-pi as an ESS 
Converter

The complete theoretical analysis of the DC microgrid scenarios, state-space models, 
and required control schemes for the Split-pi converter used as an ESS converter (i.e., 
operating with lower storage-side voltage than grid-side voltage) was presented in Part I 
of the present work. In the following, only the main concepts will be recalled to ease the 
interpretation of the simulations and the experimental results.

Five scenarios can be considered depending on the control mode chosen for the 
storage-side converter (interfacing the ESS) and the grid-side converters (interfacing other 
microgrid generators, if any). They are described in Table 1, which summarizes the 
corresponding table reported in Part I of the present work. In particular, the first three 
columns describe each scenario; the fourth and fifth columns, instead, associate to each 
scenario the state-space model and the control scheme required for the Split-pi, which were 
devised in Part I.

For the sake of clarity, the five scenarios are referred to also using an abbreviation 
in the form Sx-Gy, where x and y specify the control mode for the storage-side and the 
grid-side converters, respectively. The range of options for x is:
• C for current control.
• D for non-stiff droop control.
• S for stiff droop control.
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Table 1. Possible combinations of microgrid scenarios, converter models, and control schemes for the 
Split-pi.

Microgrid Scenario Storage 
Converter Other Generators

State-Space 
Model of the 

Split-pi
Control Scheme

#1 
(SS-GN)

Droop mode 
with Rd = 0 (stiff 

microgrid)

No other generator present 
(passive load) or all current 

controlled by the EMS
Model A 2 loops (IL 1 and V2)+ 

FF

#2 
(SD-GN)

Droop mode 
with Rd = 0

No other generator present 
(passive load) or all current 

controlled by the EMS
Model A 3 loops (IL1, V2, 

and droop) + FF

#3 
(SD-GD)

Droop mode 
with Rd = 0

At least one is droop 
controlled and none has Rd =0

Model A 3 loops (IL1, V2, 
and droop) + FF

#4 
(SC-GD) Current mode At least one is droop 

controlled and none has Rd =0 Model A 2 loops (IL1 and IL2)

#5 
(SC-GS) Current mode

One is droop controlled and 
has Rd = 0 (stiff microgrid); the 
others, if present, are current 

controlled by the EMS

Model B 2 loops (IL1 and IL2)

Furthermore, a baseline scenario derived from scenario #1 excluding the FF action 
was also considered for comparison purposes to show the usefulness of such action.

3. Overview of the Chosen Case Study and Droop Characteristics of the Storage-Side 
and Grid-Side Converters

The considered case study encompassed a 48 V, 750 W storage system interfaced with 
a 180 V DC microgrid using a Split-pi converter. As explained in the Introduction, it can 
represent a reduced-power prototype of terrestrial and marine microgrids. Figure 1 shows 
the schematic of the Split-pi converter, which was sized for the chosen case study in Part 
I of the present work. Its main parameters are summarized in Table 2. Furthermore, in 
Part I of the work, five control systems were designed, i.e., one for each specific scenario. It 
was assumed that the converter supplied its rated power without an external current or 
voltage generator. The latter was seen as a disturbance, which the control system had to 
compensate promptly. Furthermore, suitably wide stability margins were imposed, so the 
designed controllers were also effective at lighter loads.

Figure 1. Schematic of the Split-pi converter.

For a proper interpretation of the simulation results, it is worth recalling the droop 
characteristics of both the storage converter and the voltage generator of the microgrid. As 
for the storage converter, its droop characteristic was defined by Eds = 180 V and Rds =0in 
scenario #1 (SS-GN); in scenarios #2 (SD-GN) and #3 (SD-GD), instead, it was expressed by 
Eds = 180 V and Rds = 2.2 O, i.e., imposing a 5% voltage reduction at the nominal current. As 
for the equivalent voltage generator of the microgrid, its droop parameters were equal to 
those of the storage converter in scenario #4 (SC-GD). Instead, in scenario #3 (SD-GD), they 
were expressed by Ed = 198 V and Rd = 9 O; thus, the storage system did not supply any 
power for half the rated load of the microgrid, as desired. Finally, in scenario #5 (SC-GS), a 
constant voltage generator Ed = 180 V was considered to model the microgrid’s stiff voltage 
generator.
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Table 2. Main parameters of the Split-pi converter.

Parameter Symbol Value

Switching frequency Fsw 20 kHz
Nominal output voltage V2n 180V
Nominal input voltage V1n 50 V

Nominal power Pn 750 W
Nominal load resistance Rn 43.2 n
Nominal input current I1n 15A

Max. charge/discharge current Icx, Idx 18A
Nominal output current I2 n 4.167 A

Nominal duty-cycle d 0.722
Inductance value of L L 1000 nil

Parasitic resistance of L RL 65 mn
Capacitance value of Ce Ce 200 |1F
Parasitic resistance of Ce Re 260 mn
Capacitance value of C C 540 (1F
Parasitic resistance of C Rc 125 mn

Max. ripple on input/output inductors ri% ±6.0%
Max. ripple on input/output capacitors rve% ±0.2%

Max. ripple on bulk capacitor rv% ±0.2%

4. Simulation Results
Several simulations were performed to assess the performance of the controlled system 

in all the scenarios. The circuit model was implemented using PLECS based on the electrical 
parameters of Table 2, whereas the control system was realized in Simulink. The simulation 
parameters set in the Simulink environment were the following:
• solver type: variable-step
• solver: ode23tb (stiff/TR-BDF2)
• max step size: 1/(10•Fsw) 
• solver reset method: robust.

The default values were confirmed for the other Simulink parameters, as well as for 
the PLECS parameters. The obtained simulation results are presented and commented on 
in the following.

4.1. Validation of FF Action and Performance Assessment in Scenario #1 (SS-GN)
As a starting point to prove the advantage of the FF action, the baseline scenario in 

which the storage converter supplied a microgrid stiffly at 180 V was simulated. Besides 
the passive load, a current generator was also present in the microgrid. Only the two 
innermost control loops for IL 1 and V2 were employed, the FF action was disabled, and the 
system was described by state-space model A.

The waveforms of the most meaningful electrical and control quantities are shown 
in Figures 2 and 3a. Before t = 0.2 s, the converter output was at a steady state with the 
following values of load resistance, load power, and external current reference: R=Rn, 
P=Pn, and I = 0. Then, a representative sequence of R and I values was applied, as shown 
in Table 3. From t = 0.2 s to t = 0.6 s, the load was passive and exhibited two stepwise 
variations from the rated power almost to a no-load condition and vice versa. At t = 0.6 s, 
the load resistance was kept constant, but the external current reference was increased 
to supply the load fully; hence, the converter’s output current dropped to zero. Then, at 
t = 0.8 s, the converter operated again with a very low load, so the external current was 
almost entirely fed back to the converter to recharge the storage system at full power. At 
t=1s,theload power was increased to its rated value. Finally, the sequence applied 
during the remaining time intervals was such that the external current generator started 
and stopped recharging the storage system at full power while the load resistance was the 
rated one.
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(a)

(c) (d)

Figure 2. Baseline performance without FF action: (a) output current and load current; (b) input inductor current; (c) 
external generator’s current; (d) duty cycle.

(a) (b)

Figure 3. Grid voltage overshoot: (a) in baseline scenario; (b) in scenario #1 (SS-GN).
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Table 3. Transitions considered in the baseline scenario and scenarios #1 (SS-GN) and #2 (SD-GN).

Time (s) Load Resistance Expected Load Power External Current Reference

0.2 100 •Rn Pn/100 0
0.4 Rn Pn 0
0.6 Rn Pn I2n

0.8 100 •Rn Pn/100 I2n

1.0 Rn Pn I2n

1.2 Rn Pn 2 •I2 n
1.4 Rn Pn 0

The normalized waveform of grid voltage is presented in Figure 3a and shows that 
the converter ’s output voltage was correctly regulated at the desired steady-state value 
as the passive/active load varied. As shown in Figure 2, the current loop dynamics were 
fast enough to track IL1,ref instantly. However, the voltage waveform exhibited significant 
under- and overshoots due to load variations, as shown in Figure 3a. In particular, the 
maximum overshoot and undershoot were 20% and -29%, respectively. On the other 
hand, the microgrid usually has an allowed transient voltage tolerance of ±20% around 
its nominal voltage, so it would have been automatically de-energized by the protection 
devices, causing severe inconvenience.

A significant improvement of the system response can be achieved using the FF action; 
therefore, such action was enabled in the first three scenarios of Table 1, starting from 
scenario #1 (SS-GN). The difference between such a scenario and the baseline one is only 
the inclusion of the FF action. The related simulation results are shown in Figures 3b and 4. 
As shown in Figure 4d, the FF action varied the duty cycle instantaneously to compensate 
for the load variation. Consequently, the waveforms of IL1, I2, and IR were pretty squared 
(Figure 4a,b), and the resulting output voltage exhibited acceptable over/undershoots (5% 
and -8.8%), as shown in Figure 3b. Thus, a correct operation of the microgrid was attained.

4.2. Performance Assessment in Scenario #2 (SD-GN)
Unlike the first scenario, in scenario #2 (SD-GN), the storage converter was controlled 

using a droop scheme with Rd = 0, i.e., with three control loops (IL1, V2, and droop) plus 
the FF action. All the other parameters, including the initial conditions and load sequence, 
were kept unchanged. The microgrid voltage was not constant at 180 V at steady-state 
due to the droop control; thus, the actual load power was slightly lower than the value 
reported in Table 3 depending on voltage reduction, as expected.

The simulation results in terms of grid voltage waveforms are shown in Figure 5. The 
converter ’s output voltage (V2) quickly tracked the reference voltage (V2ref ) computed 
according to the droop characteristic during the entire timeframe. In particular, the voltage 
variation was ±5% when the storage system was discharged/recharged at the rated current, 
as expected based on the droop characteristic. The over/undershoot superimposed to the 
steady-state voltage variation was less than ±1.66%. Thus, the microgrid voltage stayed 
within ±7% of its rated value even during transients. The input/output currents and duty 
cycle were not shown because their waveforms were like those obtained in scenario #1 
(SS-GN).
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(c) (d)

(a)

Figure 5. Performance obtained in scenario #2 (SD-GN): (a) actual and reference grid voltage; (b) grid voltage overshoot.

Figure 4. Performance obtained in scenario #1 (SS-GN): (a) output current and load current; (b) input inductor current; (c) 
external generator’s current; (d) duty cycle.
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4.3. Performance Assessment in Scenario #3 (SD-GD)
In this scenario, both the storage converter and the equivalent voltage generator of the 

microgrid were controlled in droop mode with non-null droop resistances. Furthermore, 
the presence of an equivalent current generator in the microgrid was considered as well. 
The two droop characteristics were chosen so that the storage system did not supply any 
power for half the microgrid’s rated load, as described in Section 3. Again, before t = 0.2 s, 
the converter output was at steady-state with the following values of load resistance, load 
power, and external current reference: R=Rn, P=Pn, and I = 0. However, the storage 
system delivered about half the rated power in this scenario, and the equivalent voltage 
generator supplied the remaining quota.

The load sequence that was applied to the converter after t = 0.2 s is shown in Table 4. 
It is like that of Table 3, with additional conditions in which the passive load drew half the 
rated power. Furthermore, the current reference values were chosen to inject the maximum 
allowed current that did not overload the droop-controlled generator and the storage 
system.

Table 4. Transitions considered in scenario #3 (SD-GD).

Time (s) Load Resistance Expected Load Power External Current Reference

0.2 2 Rn Pn/2 0
0.4 100 -R,, Pn/100 0
0.6 100 -R,, Pn/100 0.75 -I2 n
0.8 2 R„ Pn/2 0.7512 n
1.0 Rn Pn 0.7512 n
1.2 Rn Pn 1.812 n

The simulation results for this scenario are shown in Figure 6. At t = 0.2 s, the external 
current reference was null while the load resistance doubled; hence, the converter’s output 
current dropped to zero, as expected. At t = 0.4 s, the converter operated almost at no load, 
so the storage system was recharged at about half power. Then, at t = 0.6 s, the equivalent 
current generator injected current into the grid providing excess power; hence, the storage 
system was recharged at full power. From t = 0.8 s to t = 1.2 s, the load power increased 
from low to medium to high. The equivalent current generator injected constant current, 
so the charging power progressively decreased as the load power increased. Finally, at 
t = 1.2 s, the external current generator charged the storage system at the maximum power 
level besides supplying the rated load.

As in the previous scenario, the converter ’s output voltage quickly tracked the refer
ence voltage computed according to its droop characteristic based on the output current; 
however, in scenario #3, the current also depended on the droop characteristic of the 
equivalent voltage generator. In particular, Figure 6d shows that the voltage variation of 
the microgrid was even lower compared to scenario #2 (SD-GN): from -2% to 5% at steady
state with minimal over/undershoots (i.e., less than ±1.05%). Finally, the waveforms of 
the input inductor current IL1 and the duty cycle d were not shown because they were like 
those obtained in scenario #1 (SS-GN).
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Figure 6. Performance obtained in scenario #3 (SD-GD): (a) output current and droop-controlled generator’s current; (b) 
actual and reference grid voltage; (c) external generator ’s current and load current; (d) grid voltage overshoot.

4.4. Performance Assessment in Scenario #4 (SC-GD)
In scenario #4 (SC-GD), the voltage was regulated by the microgrid’s equivalent 

voltage generator controlled in droop mode with non-null droop resistance. In contrast, the 
storage converter was operated as a current-controlled source based on a reference given 
by the EMS. Therefore, the control system of the Split-pi converter encompassed two loops 
for IL 1 and IL2, respectively. Furthermore, the presence of an equivalent external current 
generator in the microgrid was also considered.

The simulation results for this scenario are shown in Figure 7. Before t = 0.2 s, the 
converter output was at steady-state with the following values of load resistance, output 
current reference, and external current reference: R=Rn, I2ref = 0, and I = 0. In other words, 
the storage system and the external current generator delivered no power while the load 
was supplied entirely by the equivalent voltage generator. Then, a representative sequence 
of R, I2ref , and I values was applied, as shown in Table 5.
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Figure 7. Performance obtained in scenario #4 (SC-GD): (a) actual and reference output current; (b) load current; (c) 
droop-controlled generator’s current and external generator’s current; (d) grid voltage overshoot.

Table 5. Transitions considered in scenario #4 (SC-GD).

Time (s) Load 
Resistance

Expected 
Load Power

External Current 
Reference

Output Current Reference for 
the Converter

0.2 Pn 0 I2n
0.4 Rn Pn 0.5 In 0.5In
0.6 Rn Pn 0.5In - 0.5In
0.8 Rn Pn 0
1.0 Rn Pn I2n -I2n
1.2 100 •Rn Pn/100 0 -I2n
1.4 100 •Rn Pn/100 0.5In -I2n
1.6 100 •Rn Pn/100 I2n -I2n

The load resistance kept the same value from t = 0.2 s to t = 1.2 s while the exter
nal current generator ’s reference progressively increased. Each time, the output current 
reference was set to the maximum value (either positive or negative) that respected the 
following conditions: it was compatible with the current combination of R and I, and it 
did not overload the droop-controlled generator and the storage system. From t = 1.2 s to 
t = 1.8 s, the load resistance was increased almost to a no-load condition, and the reference 
for the external current generator was progressively incremented. Again, the output cur
rent reference was set to the maximum value that did not overload the droop-controlled 
generator and the storage system; however, only negative values were allowed because of 
the no-load condition.
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All the grid-side current transients were fast and clean even though challenging 
perturbations were applied, i.e., stepwise variations of circuit parameters. As for the 
microgrid voltage variation, Figure 7d shows that it went from -5.14% to 0% at steady
state with minimal over/undershoots, as expected. The FF action was not used with 
current-mode control; thus, the waveform of IL 1 was like that obtained in the baseline 
scenario, and the waveform of the duty cycle was flat around its rated value.

4.5. Performance Assessment in Scenario #5 (SC-GS)
In this scenario, the storage converter was operated as a current-controlled source 

under the supervision of the EMS and connected to a microgrid in which one voltage 
generator was droop controlled with Ed = 180 V and Rd = 0 (stiff microgrid). Hence, 
model B was considered to design the control system. The initial condition was I2ref =0. 
Then, starting from t = 0.2 s, the same sequence of I2ref as in scenario #4 (SC-GD) was 
applied, i.e., the one reported in the last column of Table 5. The simulation results for 
this scenario in terms of grid-side currents are shown in Figure 8 and confirmed the good 
system performance. The microgrid voltage V2 was perfectly constant at 180 V because 
the voltage generator was controlled stiffly. Again, since the FF action was not used with 
current-mode control, the waveform of IL 1 resembled that obtained in the baseline scenario. 
Furthermore, the duty cycle waveform was even flatter compared to the previous scenario 
because the converter had stiff voltages at both ports.

(a) (b)

Figure 8. Performance obtained in scenario #5 (SC-GS): (a) actual and reference output current; (b) droop-controlled 
generator’s current.

4.6. Comparison among the Five Scenarios
The results obtained in the five scenarios were summarized in Table 6 for a compari

son. The chosen metrics were the maximum charging/discharging power, the percentage 
voltage variation against V2n, and the output voltage and current settling time. The latter 
metric is defined as the time after which the output variable enters and remains within 
a specified error band after applying an instantaneous stepwise input. The simulation 
results showed that some applied stimuli determined no difference between the steady
state value after the transition and the initial value. Therefore, the error band was defined 
summing/subtracting a fixed quantity to/from the steady-state value, as if it was a mea
surement error. Such a quantity was 0.01 -V2n for the output voltage and 0.01 •I2n for the 
output current.
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Table 6. Result comparison in the five scenarios.

Scenario Max. Charging or 
Discharging Power

Max. Voltage 
Variation 

due to Droop Control

Max. Instantaneous
Voltage Variation 

Including over/Undershoot
Max. Settling 

Time of V2 Max. Settling 
Time of I2

#1 
(SS-GN) PN 0% +5%, -8.8% 16.6 ms 14 ms

#2 
(SD-GN) Slightly lower than PN ±5% ±6.66% 56.2 ms 53 ms

#3 
(SD-GD)

Charging up to PN . 
Discharging at about 

half PN
+5%, -2% +6.05%, -3.05% 8 ms 57 ms

#4 
(SC-GD) PN 0%, -5.14% +1.867%, -5.383% 14.5 ms 41.9 ms

#5 
(SC-GS) PN 0% 0% Not applicable 47.6 ms

It is worth remarking that, in general, the microgrid designer cannot freely choose 
from all five scenarios due to system constraints. For example, the first three scenarios are 
impracticable if the designer decides to put the ESS converter under the control of an EMS; 
on the other hand, only the first and last scenarios are practicable if a stiff microgrid is to 
be designed. Thus, the proposed comparison can provide helpful information when the 
designer is not obliged to choose a specific scenario.

According to Table 6, the fastest performance was achieved in scenario #1 at the 
expense of the voltage variation, which can reach -8.8%. This behavior descended from 
the simplicity of such a scenario. Comparing scenarios #1 and #2 shows that introduc
ing a virtual droop resistance dampened the system response and slightly reduced the 
maximum charging/discharging power as a side effect. Thus, the microgrid’s voltage 
variation decreased, and the settling time increased for both V2 and I2 (+ 238% and +278%, 
respectively).

The use of more than one droop-controlled generator in the microgrid has pros and 
cons. In fact, in scenario #3, the maximum discharging power of the ESS was halved by 
design; thus, the ESS and its converter were partly underutilized. On the other hand, 
a halved maximum voltage reduction was exhibited, and the maximum settling time 
of V2 decreased significantly (i.e., -52% and -86% compared to scenarios #1 and #2, 
respectively). The settling time reduction was achieved because the voltage waveform’s 
peak did not surpass the tolerance band. Instead, the maximum settling time of I2 stayed 
almost constant.

Comparing scenarios #2 and #3 with the last two scenarios showed a slight reduction 
of the settling time of I2. Instead, a comparison between scenarios #4~#5 and scenario #1 
revealed an increase of such a metric equal to +200% and +240%, respectively. As for the 
percentage voltage variation and the settling time of V2 in scenario #4, they both exhibited 
intermediate values compared to scenarios #2 and #3. Finally, scenario #5 presented no 
voltage variation thanks to the stiff control of the microgrid.

Summing up, the following guidelines can be given for the considered case study. If 
the ESS converter must be controlled by an EMS, the response time of I2 is around 50 ms, 
whereas that of V2 does not exceed 15 ms and depends on the stiffness of the microgrid. 
Otherwise, the ESS converter should be operated in scenario #1 to achieve the fastest 
performance, i.e., around 15 ms response time for both V2 and I2. In such a scenario, the 
ESS converter is the only voltage source of the microgrid and is controlled stiffly. If these 
two conditions cannot be met, the response time of I2 worsens significantly (around 60 ms), 
and the waveform of V2 depends on a compromise: lower voltage variation and better 
dynamic performance come with a partial underutilization of the ESS.

5. Experimental Validation
The designed Split-pi converter is shown in Figure 9. It was built as a prototype 

using the components available in the lab, among them an integrated power module 
STGIPS10K60A encompassing an IGBT-based three-phase H-bridge. In order to validate 
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the converter and the related control laws experimentally, the storage system connected 
to port 1 was emulated using a TDK-Lambda GEN60-40 power supply (set to 50 V) and 
a parallel-connected 10 O, 300 W power resistor. The latter component was used to 
dissipate power during the recharge of the emulated storage system. On the other hand, a 
Sorensen SLH-500-6-1800 electronic load and a TDK-Lambda GEN600-5.5 power supply 
were connected to port 2 of the converter. The first device was used as the resistor Rload of 
the load model, whereas the other device was used as either the voltage generator Ed or 
the current generator I, depending on the specific test.

Figure 9. Picture of the realized Split-pi converter.

The control systems and the PWM modulator were implemented on a dSPACE DS1103 
board connected to a desktop computer. Several electrical quantities were measured using 
LEM sensors, acquired and processed by the dSPACE board: IL1, V2, I2, IR. The current of 
the external generator was computed as Ig = IR - I2.

The prototypal Split-pi converter and the related control schemes were tested exper
imentally in several conditions covering the baseline and the other five scenarios. The 
obtained results showed good matching with the simulations presented in Section 4. Thus, 
they confirmed the good performance attainable in each scenario and, implicitly, the result 
comparison among the five scenarios. Furthermore, it is worth highlighting that a result 
comparison based on simulations rather than experiments inevitably gave a more accurate 
picture of the differences among the scenarios. In fact, the simulations allowed considering 
a much higher number of transients among operating conditions in each scenario compared 
to the experimental tests.

The waveforms of the most relevant signals acquired during the experimental tests 
were exported from dSPACE Control Desk to MATLAB and then plotted to analyze the 
results. The obtained plots are presented and commented on in the following.

5.1. Experimental Validation in the Baseline Scenario and Scenario #1 (SS-GN)
The Split-pi converter was used in these two tests to form a stiff microgrid supplying a 

passive load; no other generator was present in the microgrid. The converter was controlled 
using only the current and voltage loops in the baseline scenario, whereas the FF action 
was also included in scenario #1 (SS-GN). The electronic load was operated to reproduce a 
stepwise variation of load from 1300 O to 130 O; consequently, the load power instantly 
increased from 25 W to 250 W and produced a voltage undershoot.

The signals acquired during the tests are shown in Figure 10 and allow comparing the 
performance obtained with and without the FF action. All the waveforms were coherent 
with those obtained in the simulations. Thanks to the FF action, the reference for IL1 (and, 
in turn, the duty cycle) was instantly increased when the output current varied. Therefore, 
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in scenario #1 (SS-GN), the current waveforms were pretty squared, the voltage undershoot 
on V2 was reduced from -5.73% to -1.86%, and the dynamics of V2 were faster compared 
with the baseline scenario. An even higher under/overshoot reduction would be expected 
for higher stepwise variations of output power.

(a) (b)

(c)

Figure 10. Experimental results in the baseline scenario and scenario #1 (SS-GN): (a) input inductor current; (b) duty cycle; 
(c) percentage variation of microgrid voltage; (d) grid-side current.

time (s)

(d)

5.2. Experimental Validation in Scenario #2 (SD-GN)
In this test, the Split-pi converter was controlled using the FF action to form a non-stiff 

microgrid using a droop resistance of 1.33 fi. The microgrid encompassed a passive load 
and an external power supply that was operated as a current generator. First, a current limit 
of 1.3 A and a voltage set point slightly higher than 180 V were set in the power supply; 
then, the device was turned on and off. The load resistance was 130 fi, corresponding to a 
nominal current of about 1.385 A and a nominal power of 250 W.

The most relevant acquired signals are shown in Figure 11 and are coherent with 
those obtained in the simulations. Before t = 0 s, the load was entirely supplied by the 
converter. According to the droop resistance value, a 1.83 V voltage drop was exhibited, 
corresponding to a voltage variation of -1.02%; consequently, the load current was 1.375 A. 
Att=0s,theexternal current generator was turned on and supplied the load almost 
entirely, so the output current of the converter automatically dropped to almost zero. As a 
result, the voltage variation was almost zero, and the load current increased from 1.375 A 
to 1.382 A, reproducing the intended behavior. Finally, at about t = 1 s, the external current 
generator was turned off, and the converter took over the current again. In that condition, 
the load voltage and current again decreased slightly because of the droop control.
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Figure 11. Experimental results in scenario #2 (SD-GN): (a) grid-side currents; (b) percentage variation of microgrid 
voltage.

It is worth noting that the external power supply did not offer a proper current-mode 
operation; actually, it tried to impose the preset voltage (185 V) and continuously adjusted 
its output voltage aiming to respect the current limit. This behavior explains the initial peak 
in the generator ’s current. Nevertheless, the converter ’s control system was fast enough 
to effectively compensate for the connection and disconnection of the external generator. 
Therefore, the over/undershoot of microgrid voltage was minimal (+1.1% and -0.5%).

5.3. Experimental Validation in Scenario #3 (SD-GD)
In this test, the Split-pi converter and the microgrid voltage generator were controlled 

in droop mode with Rd = 0, so the resulting microgrid was not stiff. For the sake of clarity, a 
droop resistance of 1.33 Cl and a no-load voltage of 180 V were chosen as droop parameters 
for both devices. In this way, such devices always contributed equally to supplying the 
load. A stepwise variation of load resistance from 130 Q to 260 Q and back again was 
applied using the electronic load; this sequence corresponded to load power transitions 
from 250 W to 125 W and back again. The waveforms obtained in the test are shown in 
Figure 12 and show that the system exhibited good dynamic behavior, as expected based 
on the simulation results.

The system response was aperiodic, thanks to the high phase margin that was imposed. 
Furthermore, the current sharing ratio was respected for both load power values. Finally, 
the voltage variation at each power level was precisely the one expected according to the 
droop resistance value and the delivered current (-0.26% and -0.52%).
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Figure 12. Experimental results in scenario #3 (SD-GD): (a) grid-side currents; (b) input inductor current; (c) percentage 
variation of microgrid voltage; (d) duty cycle.

(d)

5.4. Experimental Validation in Scenario #4 (SC-GD)
In this test, the Split-pi converter was operated as a current-controlled source exchang

ing power with a non-stiff microgrid. The external voltage generator was controlled in 
droop mode. The droop resistance was 1.33 fi, and the no-load voltage was 180 V. The 
output current reference for the converter was changed at t = 0 s with a stepwise variation 
from -1.37 A to 1.37 A. Instead, the electronic load was operated to reproduce a stepwise 
variation of load resistance from 130 fi to 65 fi at about t = 0.7 s; these resistance values 
correspond to nominal load current (power) levels of 1.385 A (250 W) and 2.770 A (500 W), 
respectively.

The most relevant waveforms obtained in the test are presented in Figure 13 and are 
coherent with the simulation results. Before t = 0 s, the converter was controlled to draw 
-1.37 A from the DC microgrid recharging the emulated storage system. The external 
generator delivered 1.37 A to the converter and 1.345 A to the load for a total of 2.715 A. At 
t = 0 s, the current reference for the converter was increased to 1.37 A. Thus, the converter 
almost entirely supplied the load, and the current of the external generator automatically 
approached zero. Finally, at about t = 0.7 s, the load requested a current of 2.710 A. Since the 
converter ’s output was kept constant, the external generator automatically provided the 
additional current contribution of 1.34 A. In addition, the voltage variation was precisely 
the one expected according to the droop resistance value and the current supplied by the 
external voltage generator, i.e., -2%, 0%, and -1% for 2.715 A, 0 A, and 1.34 A, respectively. 
Furthermore, the system’s dynamic behavior was good with fast aperiodic transients, 
coherently with the simulation results.
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(b)

Figure 13. Experimental results in scenario #4 (SC-GD): (a) grid-side currents; (b) input inductor current; (c) duty cycle; 
(d) percentage variation of microgrid voltage.

(d)

5.5. Experimental Validation in Scenario #5 (SC-GS)
In this test, the Split-pi converter was operated as a current-controlled source ex

changing power with a stiff microgrid. The external voltage generator still had a no-load 
voltage of 180 V but no droop resistance. The same combination of output current and load 
variations as in scenario #4 (SC-GD) was applied; however, the stepwise variation of load 
resistance occurred at about t = 1 s in scenario #5. Therefore, the output current reference 
was again changed with a stepwise variation from -1.37 A to 1.37 A at t = 0 s. Instead, the 
load resistance was varied from 130 fi to 65 Q. at about t = 1 s, corresponding to nominal 
load current (power) levels of 1.385 A (250 W) and 2.770 A (500 W), respectively.

The most relevant among the acquired waveforms are presented in Figure 14. They 
are coherent with the simulation results and show that the converter ’s control system was 
also stable in this challenging condition. Furthermore, they are nearly identical to those 
of Figure 13; the main difference is the even smaller voltage variation, which determined 
slight differences in the load current and the external generator current. Before t = 0 s, the 
converter was controlled to draw -1.37 A from the DC microgrid recharging the emulated 
storage system. The external generator delivered 1.37 A to the converter and 1.385 A to the 
load for a total of 2.755 A. Att=0s,thecurrent reference for the converter was increased to 
1.37 A. Thus, the converter almost entirely supplied the load, and the current of the external 
generator automatically approached zero. Finally, at about t = 1 s, the load requested a 
current of 2.770 A. Since the converter ’s output was kept constant, the external generator 
automatically provided the additional current contribution of 1.385 A.
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(a) (b)

(c) (d)

Figure 14. Experimental results in scenario #5 (SC-GS): (a) grid-side currents; (b) input inductor current; (c) duty cycle; 
(d) percentage variation of microgrid voltage.

In this scenario, the theoretical voltage variation was 0% because the DC microgrid was 
stiff. However, a small resistance was present due to cable connections. Nonetheless, the 
actual voltage variation was -0.1%, as shown in Figure 14d. Again, the system exhibited 
good dynamic behavior with fast aperiodic transients, as expected based on the simulation 
results.

6. Conclusions
The Split-pi converter is a good choice to integrate an energy storage system (ESS) into 

a DC microgrid. In part I of this work, five typical microgrid scenarios were identified. Each 
of them required a specific state-space model of the Split-pi and a suitable control scheme. 
Two different state-space models were devised for the Split-pi converter operating with 
lower storage-side voltage than grid-side voltage. Such models considered the parasitic 
elements of the converter. In addition, the most relevant transfer functions were given, 
together with control schemes with a different number of control loops and criteria to 
design the controllers.

The present paper completed the study validating the theoretical analysis based 
on comprehensive simulations and experimental tests. A 48 V, 750 W storage system 
interfaced with a 180 V DC microgrid using a Split-pi converter was chosen as a case 
study. It can represent a reduced-power prototype of terrestrial and marine microgrids. 
Several simulations were performed to assess the system performance in all the considered 
scenarios. Furthermore, a prototypal Split-pi converter was realized, and experimental 
tests were performed in conditions that covered all the scenarios. The obtained results 
were coherent with the simulations and validated the study.
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Further activities will include theoretical studies and experiments with a twofold aim: 
(1) to devise the state-space model of the Split-pi operating with higher storage-side voltage 
than grid-side voltage; (2) to investigate the possibility of designing unconventional control 
systems for the Split-pi that are suitable for operating in more than one microgrid scenario.
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1. Introduction
Mobility is one of the most important characteristics of a modern and smart society. 

The dynamics and nature of human relations in recent years are unthinkable without the 
constant movement of people, goods and capital. Environmental problems and challenges 
have necessitated a new concept for the provision of transport connections and systems 
through the implementation and growing dominance of electric vehicles. Regarding 
this aspect, there are several main obstacles to the distribution of electric vehicles: the 
provision of the necessary electricity, the underdeveloped infrastructure of the electricity 
transmission network with its insufficient capacity, minimizing the impact of the charging 
infrastructure on the energy transmission network and the development of a new class of 
power electronic devices and systems designed to charge energy storage elements [1-3]. 
Despite the diversity of these research problems, what they have in common is that their 
sustainable and effective solution is related to the development of power electronics. The 
aim of the present work was to present the capabilities of a class of power circuits of 
electronic energy converters, known as resonant converters with energy dosing, which, 
due to their unique properties and characteristics, are very suitable for the realization of 
charging stations [4,5].
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2. Overview of Different Methods and Power Converters for the Realization of 
Charging Stations

The development of power electronics has led to a wide variety of applications 
and, accordingly, topologies and operating modes of power electronic converters and 
systems. In particular, the development of power electronic devices with applications for 
charging electric vehicles can be divided into two main groups: direct and contactless 
charging [6-12].

Characteristic of both large groups is the use of resonant transducers in the process 
of converting electricity. This is due to some of their main advantages over other types of 
converters, namely [13,14]:
- They work with electrical signals in a shape close to a sinusoid and correspondingly 

low content of harmonics;
- The realization of soft switching and hence of high efficiency of the devices in a natural 

way without the participation of additional elements;
- The use of parasitic elements as the main reason for the realization of resonant circuits 

and processes.
On the other hand, the use of resonant converters is associated with several difficulties 

and challenges, such as:
- The use of variable frequency control, which creates preconditions for difficult elimi

nation of electromagnetic interference;
- The strong dependence of the operating modes on the tolerances of the building 

elements that participate in the resonant circuit;
- The incomplete use of power by semiconductor elements.

Addressing these challenges is usually done in two ways: either by improving the 
methods of and synthesis of power electronic systems control, including the use of artificial 
intelligence techniques [15-19] or by proposing power schemes that are weakly dependent 
on the operating modes of the load changes and have possibilities for self-adjustment of 
the converter to the requirements of the specific application [20-24].

This study proposed the use of resonant converters with improved characteristics 
that eliminate the most significant part of these shortcomings through the use of voltage
limiting circuits (fully or partially) on the resonant capacitor. These schemes have gained 
wide popularity in the specialized literature, such as energy dosing schemes. The present 
research involved the development of the long-term work of the authors in this field and 
was aimed at the implementation of this class of converters for the purpose of charging 
stations.

3. Basic Relations in the Analysis of Resonant Converters with Energy Dosing
The method of energy dosing (ED) has been used in several applications of AC 

and DC power supplies, where their use initially began in industrial technologies based 
on induction heating [4,5,24,25]. The loads of the converters in these applications are 
characterized by highly variable parameters, which can often vary from idle to short
circuiting. These properties of ED converters make them very suitable for the development 
of contactless charging stations for static and dynamic charging of electric vehicles. Their 
stable operation is obtained by fulfilling the following condition:

kS = (dUT/dIT - dU/dI) > 0 (1)

where kS is the coefficient of stability of the system, while dUT /dIT and dU/dI are the 
dynamic resistances of the load and the DC-DC converter, respectively.

Figure 1 shows a power scheme of a half-bridge DC-DC converter with energy dosing. 
It consists of a half-bridge resonant inverter with energy dosing (RI with ED) without 
reverse diodes, a high-frequency matching transformer and an output rectifier with a 
capacitive filter and an equivalent load.
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Figure 1. Half-bridge DC-DC converter with energy dosing.

Of the possible operating modes, the most suitable when using the circuit is the mode 
when the operating frequency is less than the resonant frequency of the alternating current 
(AC) circuit of RI with ED, i.e., f<f0 . Figure 2 shows the time diagrams of the current 
through the resonant inductor LR, the voltage of the resonant capacitor CR, the output 
current and the voltage of the transistor VT1, which clarifies the principle of operation. It 
should be noted that the transistors operate with zero on and off current (ZCS).

Figure 2. Basic timing diagrams of a half-bridge DC-DC converter with energy dosing.
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The indicated time diagrams show that in the operation of the power circuit during 
each half-period the following intervals are distinguished: 0 + Od, Od ^ O0, O0 ^ O01 and 
O01 + n. On the other hand, for the analysis of the resonant inverter, it is important to 
distinguish between the intervals (0 + Od) in which energy is consumed from the power 
source and those in which the energy accumulated in the resonant elements supplies the 
output of the circuit. The operation of the considered power scheme for one of the two 
half-periods of its operation (0 + n) is explained in detail using a modal diagram, which 
is shown in Figure 3. In order to achieve convenient ratios, the following assumptions 
are made: the active and passive elements are ideal, and the times for their commutation 
are neglected. In addition, the processes in the scheme are considered after reaching a set 
mode of operation when there is periodicity and repeatability of the state variables.

Figure 3. Modal diagram of a half-bridge DC-DC converter with energy dosing.

In the analysis of the circuit, the secondary circuit is brought to the primary circuit; 
as a result of which, the output capacitor, the load and the transformer are replaced by a 
voltage source nUOUT, where n is the transformation coefficient (n = W1/W2). The behavior 
of the converter is determined mainly by the values of the elements LR and CR, and more 
generally, by the following parameters [5,24,25]:
- Characteristic impedance:

Z0 = VLr / Cr (2)

- Natural resonant frequency of a resonant circuit composed of ideal elements:

W0 = V1/LRCR (3)

- Period of the resonant frequency:

T = 2 n / w 0 (4)

- Control frequency period—T;
- Fill factor (duty cycle):

Y = T0/2 T (5)

If the losses in the elements of the converter are ignored, then its input power will be 
equal to the output. Taking this assumption into account, the following electrical ratios for 
the input current and output voltage can be recorded as follows:

IIN = IOUT/2n UOUT = E/2n (6)

Diodes VD1 and VD2 start to conduct when the maximum and minimum values of 
the voltage on the capacitor CR becomes equal to +E/2 or -E/2. If the load resistance 
or operating frequency has values that are significantly different from the nominal ones, 
the capacitor CR will not be recharged from -E/2 to +E/2 and the diodes VD1 and VD2 
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will not turn on. In this case, the voltage to which the capacitor will be recharged can be 
determined using the expressions from Equations (2) to (6).

Ucr = E / 4 + n EZ 0/8 7 Rn2 (7)

The latter expression has a very important practical meaning. It displays the ratio 
for the values of the load resistance at which the energy dosing mode is performed, i.e., 
limiting the voltage on the capacitor CR to ±E/2 by VD1 and VD2, namely,

R < nZ0/2yn2 (8)

This mode, which is considered optimal, is characterized by two main intervals: the 
consumption of energy from the power supply and the short circuit of the alternating 
current circuit when energy from the power supply is not consumed.

3.1. Electromagnetic Analysis of the Converter at the Time of Energy Consumption from the Power 
Source 0 ^ td

During the interval 0 + td (Figure 2), only the transistor VT2 is unlocked and the 
equivalent circuit consists of the power supply connected in series, the reduced load circuit 
and the resonant inductor and capacitor. The natural frequency of the AC circuit (a-b in 
Figure 2) must be higher than the control frequency, i.e., u0,/u > 1, in order to obtain a 
tendency for the current to drop to zero at the beginning of the interval p0. The following 
frequency ratio is valid for the considered operating mode:

w 0 =_____________ n__________
w n — p 0 — (0.65 ^ 1.7) p 0

(9)

i.e., w0/w = 1.2 ■+ 1.4 (10)

Taking into account the expression for the current through the resonant inductor:

iLR (t) = WER eXP—t/2Q sin w t (11)

and the voltage across the resonant capacitor CR :

td
1E

uCR(td) . I i(t) = y (12)w0CR 2
0

as determined at the end of the interval of energy consumption from the power source, the 
moment that corresponds to the angle td is

td = [ n — arctg (2 Qw 0/w)]/(w 0/w) (13)

where Q = wLR /RE is the quality factor of the resonant circuit, RE is the equivalent 
resistance of the AC circuit between points b and c of Figure 1 and t = wt.

3.2. Operation of the Converter in the Short Circuit Interval of the Alternating Current Circuit 
td + to

At the moment corresponding to the angle td, the resonant capacitor CR is charged to 
voltage —E/2 and the diode VD2 is turned on. In essence, the electromagnetic processes 
in the second interval td ^ 10 are aperiodic. The expression for the current through the 
resonant inductor is of the form

iLR (t)= iLR (td ) exp- wRR' (14)

where R=RE.
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It is very important from a practical point of view to determine the value of the current 
at the end of the interval (moment corresponding to an angle n — <p0) because the level 
of switching losses in the transistors depends on it. It is calculated using the current 
expression iLR (ft) at ft = n — <p0. In this regard, additional information about the processes 
in the circuit is given by the expressions for the voltages across the resonant inductor and 
the equivalent load:

uLR = —LdiLR/dt (15)

uOUT = R [niLR(ftd) exp—ft/Q] (16)

From the presented relations, it is clear that if at the moment corresponding to an 
angle n — <p0, the resonant current has zero value, then the voltages ULR and UOUT will also 
have zero values. At this point, the voltage on the transistors will also have a zero value, 
i.e., they will turn on at zero current and will turn off at zero current and zero voltage.

3.3. Stabilization and Regulation of the Output Power and Voltage of the Converter
The energy of the capacitor when recharging from —E/2 to +E/2 is equal to

W= CRE2/2 (17)

When transistors VT1 or VT2 are turned on, this energy is transmitted to the load, i.e.,

CRE2/2 = UOUT IOUT T/2. (18)

In this case, the power of the converter P for one period is expressed by the ratio

P=E2fCR =EId = UOUT IOUT = const, (19)

The first conclusion that can be drawn from the expressions for W and P is that at a 
constant operating frequency, supply voltage and capacitance of the resonant capacitor, 
the transmitted power in the load is constant and does not depend on its parameters. 
Maintaining a constant power means that the output DC voltage UOUT is self-aligning with 
the load parameters.

To set the power level in accordance with Equation (19), the value of the capacitor CR 
is most often changed. For this purpose, the developed electronic keys are used, for which 
there are author ’s claims regarding their use for similar purposes. They consist of only one 
transistor (IGBT or MOSFET) with a reverse diode and a series-connected capacitor CR, 
the capacitance of which is in accordance with the desired power (Equation (19)). Figure 4 
shows the schematic diagram of four electronic switches, which participate in the circuit 
of the converter of Figure 1 and are connected to points a and c. The presented circuit 
contains half as many elements as the traditional electronic switch, while filled with two 
oppositely connected transistors with reverse diodes and, therefore, has less static losses 
compared to other embodiments [24,25].

Figure 4. Electronic semiconductor switches for setting the power level.
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The combinations between the turned on and turned off capacitors make it possible 
to set fifteen power values in the range 0 + Pnom. No galvanically separated signals are 
required to control the individual transistors.

It is important to note that the switching of the capacitors Cri-Cr4 from Figure 4 
can be done during the operation of the converter without receiving current and voltage 
overloads from the transistors.

The second characteristic feature of the converter is obtained by substituting the 
expression for the load current IOUT = UOUT/R into Equation (19). In this way, a ratio is 
obtained that shows the relationship between the input and output voltage:

UOUT = ET/CR.R / T (20)

The conclusion to be drawn from this expression is that by changing the operating 
frequency, the output voltage can be invariably maintained when the value of the load 
and/or the input voltage changes. Figure 5 shows the dependence of the output voltage 
in relative units as a function of frequency at different loads. The information from this 
characteristic is used in the design of the converter because it takes into account, on the one 
hand, the relationship between the value of the load and the capacitance of the capacitor 
CR setting the power and, on the other, the dependence of output voltage on frequency and 
input voltage.

Figure 5. Control characteristics of a converter with energy dosing.

The regulation or stabilization of the output voltage is carried out via feedback, 
changing the operating frequency of the converter. The analytical dependence of the 
regulation law can be deduced by differentiating the output power expression with respect 
to the control frequency f. After some transformations using the expressions:

UOUT IOUT = CRE2f, (21)

UOUT diOUT + IOUT duOUT = CRE2d f, (22)

duOUT = diOUT(R//1/W cf) (23)

IOUT = UOUT /R (24)

d • d duOi duOUT E ICRR 1 ,->r-x
it is found that ——— = —\ ——  -------- - -. . (25)

df 2^ f 1 + wCfR/2 v 7
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This expression represents the transfer function of the control system and represents 
the law according to which the operating frequency must be changed when the load 
parameters change in order to stabilize the constant output voltage.

4. Investigation and Comparison of the Characteristics and Converters with and 
without Energy Dosing Used in the Fast Charging Stations of Electric Vehicles

Based on the analytical expressions obtained in the analysis of the studied scheme 
(Figure 1), its characteristics were obtained. For greater objectivity of the formulated 
conclusions, the characteristics of RI with ED without reverse diodes (RD) of power 
transistors (PT) and two other competing schemes that are often used in charging stations 
as high-frequency sources [20-22,26-29]: a half-bridge RI with RD and a full-bridge parallel 
current fed inverter (PCFI). The use of the same input data for the indicated schemes allows 
for objective comparisons and definitions of their advantages and disadvantages. In Tables 
1-3 and the numerical values from the research are presented, as in the column “Type”, 
the conditions under which the results are obtained are given. In these studies, emphasis 
was placed on the behavior of the circuits when changing the equivalent load parameters, 
which was achieved by varying the air gap of the contactless transmitter and/or the load 
resistance. Specifically for each scheme, they were the following:
• For the RI with ED—“0”—nominal mode, the following tests were done when the load 

parameters change compared to the nominal ones under the following conditions: 
“1”—without the RD of the PT and the operating frequency equal to the nominal 
one; “2”—with the RD of the PT and the operating frequency equal to the nominal; 
“3”—with the phase between the current and the voltage of the parallel load circuit, 
other than for a pause <p0 when changing the operating frequency; and “4”—with 
the phase between the current and the voltage of the parallel load circuit equal to the 
pause <po when changing the operating frequency

• For the RI with RD—“0”—nominal mode, the following tests were done when the load 
parameters changed compared with the nominal ones under the following conditions: 
“1”—at the operating frequency equal to the nominal one and “2” and “3”—with a 
change in operating frequency;

• For the PCFI—“0”—nominal mode, the following tests were done when the load 
parameters changed compared to the nominal ones under the following conditions: 
“1”—at the operating frequency equal to the nominal one and “2”—with a change in 
the operating frequency.
The main conclusions that can be drawn were about the reliable operation of the 

RI with ED, which for these modes, was determined by the conditions for the switching 
PT. The most favorable were those in which the current and/or voltage were zero (ZCS, 
ZVS, ZCSZVS). Depending on the equivalent parameters of the AC circuit, the converters 
operated in one of three modes. If the switching mode at zero current was conditionally 
accepted as nominal (basic) due to the change of the load or the operating frequency, 
different changes in the values of the main electrical and phase ratios were observed.

Resonant Inverter with Energy Dosing, Characteristics at the Following Element Values:
Cr 1 = Cr2 = 1.5 LLF Lr = 11.1 ^H, C = 26 ^F

Table 1. Characteristics of the RI with ED.

Rt o 0.025 0.0375 0.0425 0.0575 0.05 0.0625 0.075
Lt (^H) 1.15 1.725 1.955 2.645 2.3 2.875 3.45

Type 1 2 3 4 1 2 3 4 1 2 3 4 0 1 2 3 4 1 2
P (kW) 15 4 15 20 15 8.5 15 18 15 12 15 17 15 15 9.9 14.6 14.5 15 10.6
f (kHz) 20 20 27 28.3 20 20 22 23.5 20 20 21.2 22 20 20 20 19.5 19.6 20 20
UCm (V) 73 73 224 270 152 149 216 256 192 191 231 248 236 252 209 224 225 258 217
IM (A) 280 280 151 148 182 183 154 165 161 162 152 162 159 213 175 159 158 251 210
ION (A) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
IOFF (A) 207 209 120 50 140 146 79 0 97 90 41 0 0 0 8 0 0 0
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Resonant Inverter with Reverse Diodes, Characteristics at the Following Element Values:
LR = 28 ill I, CR 1 = CR2 = 0.86 nF, C = 15 nF, CF = 2000 llF

Table 2. Characteristics of the RI with an RD.

Rt o 0.045 0.675 0.0765 0.09 0.1035 0.1125 0.135
Lt (^H) 2.05 3.075 3.485 4.1 4.715 5.125 6.15

Type 1 2 3 0 2 3 1 2 3 0 1 2 3 1 2 3 1 2 3
P (kW) 20.4 15 15 15 15 16.4 33.1 15 15 15 8.4 15 15 6.5 15 15 3.6 10.5 15
f (kHz) 20 19.8 23.7 20 18.2 23.5 20 22.3 17.6 20 20 18.2 23.5 20 17 23.5 20 15.5 23.9
UCm (V) 2510 2251 1293 677 1620 656 1252 656 1486 919 670 739 1547 738 827 1711 804 800 1800

UOB P (V) 249 209 249 305 235 321 411 306 246 548 242 289 400 222 288 395 178 241 355
IM (A) 482 420 272 136 270 107 207 109 238 31 101 111 327 104 126 370 127 109 393
ION (A) 450 390 0 15 226 0 0 18 187 28 54 14 311 69 30 350 109 33 370
IOFF (A) 0 0 270 0 0 0 45 0 0 28 0 0 0 0 0 0 0 0 0

Full-Bridge Parallel Current Fed Inverter, Characteristics at the Following Element Values: L1 = 1.6 mH, C = 1.73 llF
Table 3. Characteristics of the PCFI.

Rt (O) 0.432 0.648 0.743 0.86 0.994 1.08 1.296
Lt (^H) 19.9 29.85 33.83 39.8 45.87 49.75 59.7

Type 1 2 1 2 1 2 0 1 2 1 2 1 2
P (kW) 127.5 15 25.5 15 13 15 15 32.5 15 50.5 15 99 15
f (kHz) 20 26.05 20 23 20 21.65 20 20 18.7 20 18 20 16.5
UCm (V) 1800 876 1100 922 816 923 919 1455 924 1919 935 2894 938

UOBP (V) - - - - 0 500 548 1248 559 1800 550 2875 551
IM (A) 255 31 52 31.2 27 31.2 31 68 31 103 31.7 198 31.7
ION (A) 250 29.5 50 28.9 26 29 28 62 28 95 27.5 186 28
IOFF (A) 250 29.5 50 28.9 26 29 28 62 28 95 27.5 186 28

The other conclusions were as follows:
(1) As the load parameters (R) decreased, the load circuit and the equivalent AC 

circuit gained an inductive misalignment. For this reason, the frequency of the RI’s own 
oscillations decreased. The current of the PT, when it was switched off by the control pulses, 
was different from zero, and this created conditions for switching on the reverse diode of 
the inoperative transistor. The described phenomenon is the reason for the partial reduction 
of the RI power, as the second recharging of the resonant capacitors in the considered 
half-period began. As the operating frequency increased, the power could be set equal 
to the nominal one, and at the same time, the effect of reducing the switching current of 
the PT-IOFF was obtained. When the resonance in the load oscillating circuit was reached 
again, both currents IOFF and ION became equal to zero. Such a favorable development 
of the processes was observed when reducing the load parameters to 25-30%. With an 
even greater reduction in the load, for example, by 50% to achieve ION = IOFF = 0, it was 
necessary to increase the frequency, which led to an increase in power by 30% above the 
nominal value (Table 1).

(2) When the inverter was unloaded (R increased), the load oscillating circuit was 
capacitively disrupted. The frequency of the inverter’s natural oscillations increased and 
the current of the PT naturally became equal to zero before the termination of the control 
pulse. For this reason, conditions were created for the occurrence of a mode with a natural 
shutdown of the PT until the power drops, as noted above. By reducing the operating 
frequency until the resonance in the load oscillating circuit was restored, the ZCS mode 
could be re-established (ION = IOFF = 0), but the power, although insignificant, was reduced 
(by 5-10%) in accordance with Equation (19).

From the point of view of the operational characteristics and reliability of RI with 
ED, it is important that in all operating modes, it is not possible to exceed the set power 
determined by Equation (19). In practice, energy dosing protects the PT from overload 
and ensures the natural adaptation and self-alignment of the RI to the load. This, in 
turn, determines a major positive quality of an RI with ED that is not possessed by a 
traditional RI.
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In the case of similar changes in the load, the circuit of the RI with ED without an RD 
of the PT always worked with the nominal power without the need to change the operating 
frequency. The technical applicability of this circuit variant was determined mainly by the 
voltage on the PT, which was obviously greater than that in the RI with ED and the OD of 
the PT.

Another important result of the presented characteristics should be noted, which was 
that switching the PT currents on and off in both cases (when increasing and decreasing R) 
could be maintained equal to zero if the operating frequency changes in one direction or 
another until resonance was obtained in the load circle (Table 1). The fact that the most 
favorable modes in terms of power and currents of switching on and switching off of the 
PT were obtained by the resonance of the load circuit, facilitates the synthesis of control of 
the power electronic converter.

The second group of conclusions was about the qualities of the other two schemes and 
their comparisons with the RI with ED: (1) In the half-bridge RI with RD, with the change 
of the load parameters, the power changed more strongly (Table 2), and to return to the 
nominal value, it was necessary to regulate the frequency more deeply, which significantly 
increased the voltage on the resonant capacitors UCRm and currents on and off (i.e., the 
PT-ION and IOFF). Generally speaking, this scheme could not cover a range of variation of 
the load parameters greater than 15-20% while maintaining a favorable operating mode of 
the PT. (2) In the full-bridge PCFI, there was an even stronger change in power and the need 
for deeper regulation of the frequency for its stabilization (Table 3). As R increased, the 
voltage of the oscillating circuit UCm increased and, accordingly, the forward and reverse 
voltages of the semiconductor devices increased. In some of the modes, the circuit time 
for PT recovery disappeared. Based on the presented results, it was concluded that both 
alternative RIs had significantly less coordination (regulatory) capabilities than the RI 
with ED.

A visual comparison is shown in Figure 6, where the characteristics of the output 
power changing for the load parameter variations for the full-bridge-current-fed inverter 
(curve 1), half-bridge RI (curve 2), RI with ED and reverse diodes (curve 3) and RI with ED 
without reverse diodes (curve 4).

Figure 6. Comparison of the output characteristics P/PN = f(R/RN) of the full-bridge-current-fed 
inverter (1), half-bridge RI (2), RI with ED and reverse diodes (3) and RI with ED without reverse 
diodes (4).

An important point here is that the last two characteristics (curves 3 and 4 in Figure 6) 
guaranteed practical adaptively of the inverter to the load and its changes, due to which, it 
could also operate without regulation when the load changes within the limits stated above, 
i.e., from 0.5 to 1.5 times relative to the nominal value. This contributes to a significant 
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improvement in the technical and operational qualities of the high-frequency source and 
provides the opportunity to work with a wide range of loads, which is typical for contactless 
charging stations for motorcycles and electric vehicles. Based on these characteristics, it 
was concluded that energy dosing schemes are advantageous over other types of resonant 
converters.

On the other hand, according to the characteristics of Figure 6 for the most frequently 
used topologies based on resonant inverters with reverse diodes (most often LLC), the 
conclusions made in [30-32] regarding the need to use optimal control in order to realize 
the charging cycles were confirmed.

5. Experimental Results
With the methodology thus created, a full-bridge RI with ED, used for a contactless 

charging station of a motoped, was designed and studied. It is shown in Figure 7 and 
consisted of the following main blocks: an electronic converter (inverter), together with the 
control system and drivers; a power supply; a measuring system; and a load composed of 
a transmitter and receiver. The power circuit of the inverter was implemented according to 
Figure 1.

Figure 7. Block diagram of the experimental setup.

During the implementation of the experiment, the following input data were used: 
output power P = 2.5 kW, operating frequency of the inverter f = 30 kHz, power supply 
voltage E = 300 V, resonant capacitor Cr = 0.95 pF, resonant inductor Lr = 16.31 pH, 
W1 /W2 = 1, w0/w = 1.2-1.4 and equivalent load R = 8.9 O.

Figure 8 shows a photo of the stand on which the experimental results were obtained.

Figure 8. A PI with ED that was used for the realization of a contactless charging station ofa motoped.
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Furthermore, simulation studies of the system were performed with these data. In 
Table 4, the results obtained from the stand are compared with those from a program for 
the simulation of power electronic devices. The table shows that RI actually had dosing 
properties, which was determined by the average value of the consumed current I0, equal 
to the input current Iin = P/E = 8.3 A, which was practically the same value from the analysis 
and the computer experiment.

Table 4. Results from the design, the computer experiment and the practical research.

Value #d, (◦) Iin (A) Uout (V) Iout (A) IVTm (A) IVT (A) IVD (A)

Calculated 92.1 8.3 148 16.6 42.9 9.3 1.02
Simulation 93.5 8.1 145 16.2 41.1 9.1 1

Stand 95 8.5 147 16.5 43.6 9.6 1.1

This basic property of the circuit was also confirmed by the load voltage Uoutm, which 
also coincided with the calculations and the experiment. Obtaining the set power could be 
shown by the following result of the table, corresponding to the physical processes in RI 
with ED, namely, that the difference between the currents of the transistors and diodes, i.e., 
IVT and IVD, were equal to Iin and corresponded to the energy consumption of energy in 
the interval $ = 0 + $d and a short circuit of the supply DC bus in the interval $ = $d + n 
— <po .In addition, compliance with the boundary conditions for switching and periodicity 
could be used as an additional criterion for the reliability of the obtained results. In this 
case, they were expressed as obtaining the set operating mode of the RI in which the PT 
turned on and off at zero current (ZCS) (see Figure 9a). It should also be noted that in the 
calculations, the parameters of the current pulse through the key devices were obtained 
with great reliability, as the difference with the measured values did not exceed 5%.

Figure 9. Graphical results obtained from the operation of the stand: (a) current through the resonant 
inductor (43.6 A maximum value) and (b) voltage on the resonant capacitor (maximum value 150 V).

Figure 9 presents the results of the following measurements: (a) current through the 
resonant inductor and (b) voltage on the resonant capacitor, performed with the help of 
the experimental bench under the conditions described above and operating frequency 
30 kHz.

The presented experimental results fully supported the conclusions made in the 
analysis of the power scheme and confirmed the validity of the design methodology.

6. Discussion
The main results obtained from the theoretical and applied scientific problems devel

oped in this article were as follows:
(1) A methodology for designing an RI with ED was developed that provided switch

ing of semiconductor devices at ZCS and ZVS and was characterized by a satisfactory 
accuracy of not less than 5%, as shown by computer and practical experiments.
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(2) A study of the current pulse of the RI was made and its parameters were determined 
in order to obtain the minimum installed reactive power in the alternating current circuit 
and electrical loads and losses in the transistors.

(3) The property of the RI with ED was shown to maintain a constant power in the 
load, regardless of the change of its parameters, when switching the semiconductor devices 
at ZCS and ZVS. This adaptability and self-matching properties make it very flexible and 
convenient to use as a wide-range power source for charging stations, including contactless 
charging.

From the comparisons made with studies of power circuits used for the realization 
of charging stations presented in [27,28,30-32], it is necessary to conclude that the main 
alternative of the considered converters with energy dosing was the resonant inverters 
with reverse diodes and voltage-fed inverters. In order to work with soft commutations, 
the latter requires the addition of additional resonant circuits (so-called quasi-resonant), 
and in the case of reverse diode circuits, it is possible to work both in soft commutation 
mode and to limit the maximum current of the transistors [33]. Unfortunately, in inverters 
with reverse diodes, power maintenance is achieved through the synthesis of complex 
control algorithms and controllers. On the other hand, the challenges and limitations 
associated with the implementation of an RI with ED are related to the fact that no energy 
is consumed from the power source during the whole period, the lack of limitation of the 
maximum current through the transistors and the need for sufficient time to dissipate the 
energy in the resonant inductor when working with high-resistance loads and low power. 
Regarding this aspect, the achievement of electromagnetic compatibility standards requires 
the addition of additional modules and ancillary devices.

7. Conclusions
The manuscript presents a study of a charging station for electric vehicles based 

on a resonant converter with energy dosing. Based on the analysis performed in the 
established mode of operation of the power circuit, the main relations were derived, 
through which, the values of the circuit elements were determined. On the basis of the 
analytical expressions, computer simulations and experiments, the advantages of this class 
of schemes for the realization of charging stations with different capacities and applications 
were shown. Regarding a continuation of the current research, the combination of a design 
with techniques of mathematical modeling and computational mathematics in order to 
determine optimal values of circuit elements for different objective functions, such as 
minimum losses, maximum efficiency and minimum dimensions, should be undertaken. 
In addition, future research could conduct experiments at higher capacities, and in order 
to achieve greater flexibility, they will be built on a modular principle, as well as the 
dynamic performance of the system, in order to achieve an aperiodic transition process 
with minimum duration.

The proposed scheme was also successfully used for contactless dynamic charging of 
electric vehicles [34]. The main advantage of energy dosing schemes is that the power does 
not depend on the size of the load. Therefore, during driving, when the equivalent load is 
constantly changing (due to the coefficient of magnetic coupling), the power transferred to 
the vehicle is constant.
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Abstract: Controlling the cost of electricity consumption remains a major concern, particularly in the 
residential sector. Smart home electricity management systems (HEMS) are becoming increasingly 
popular for providing uninterrupted power and improved power quality, as well as for reducing the 
cost of electricity consumption. When power transfer is required between a storage system and the 
AC grid, and vice versa, these HEMS require the use of a bidirectional DC-AC converter. This paper 
emphasizes the potential value of an almost unexplored topology, the design of which was based on 
the generation of sinusoidal signals from sinusoidal half waves. A DC-DC stage, which behaved 
as a configurable voltage source, was in series with a DC-AC stage, i.e., an H-bridge, to achieve 
an architecture that could operate in both grid and off-grid configurations. Wide bandgap power 
switches (silicon carbide metal-oxide-semiconductor field-effect transistors [MOSFETs]), combined 
with appropriate control strategies, were the keys to increasing compactness of the converter while 
ensuring good performance, especially in terms of efficiency. The converter was configured to 
automatically change the operating mode, i.e., inverter or rectifier in power factor correction mode, 
according to an instruction issued by the HEMS; the latter being integrated in the control circuit 
with automatic duty cycle management. Therefore, the HEMS set the amount of energy to be 
injected into the grid or to be stored. The experimental results validate the operating modes of the 
proposed converter and demonstrate the relevance of such a topology when combined with an HEMS, 
especially in the case of an AC grid connection. The efficiency measurements of the bidirectional 
DC-AC converter, performed in grid-connected inverter mode, show that we exceeded the efficiency 
target of 95% over the entire output power range studied, i.e., from 100 W to 1.5 kW.

Keywords: home electricity management systems; bidirectional DC-AC converter; high compactness; 
high efficiency
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1. Introduction
The energy policy challenges facing the European Union are greater than ever. One 

such challenge is the intelligent management of electricity at all levels, from production to 
final consumption [1,2]. Distribution efficiency and the reliability of service delivery are two 
indicators that can be used to evaluate the performance of distribution systems [3,4]. The 
increasing deployment of smart grids has improved their monitoring and controllability [5]. 
An example of a modern smart grid feature is the ability to assist with load shifting, limit 
peak demand and automatically identify malfunctions or outages [6]. These issues are all 
the more controversial as the number of microgrids, i.e., small-scale independent power 
systems, continues to grow. Two main modes of operation characterize a microgrid: the 
grid-connected mode and the off-grid mode [7]. In off-grid mode, electricity is either
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unavailable due to a grid failure or outage, or the power grid is in islanding mode, i.e., 
completely inaccessible. The performance of standalone microgrids has been regularly 
analyzed in the literature for several years. These standalone microgrids typically consist 
of two key components: photovoltaic (PV) arrays and/or wind turbines and energy storage 
systems, such as flywheels, supercapacitors or batteries, which are used to implement 
intelligent voltage regulation and load tracking systems [8,9].

Energy management strategies are currently playing an increasingly important role in 
regulating the power quality of microgrids [10]. One of the challenges is to control energy 
flows to achieve various operational objectives, such as cost minimization, guaranteed 
delivery or security. One method to achieve this is to adjust the flow of energy to and 
from the main grid, the distribution of energy resources and the controllability of loads. In 
the residential sector, this type of strategy, now known as a home electricity management 
system (HEMS), is typically implemented to stimulate the integration of renewable energy 
and to protect the electricity distribution system from potential outages [11].

With the advent of Internet of things (IoT)-based smart buildings, in which all smart 
appliances are connected, as well as smart meters, we now have not only real-time usage 
data but also the ability to remotely operate various appliances in a home [12,13]. Much 
of this data can be used by an HEMS to improve the synchronization of energy transfers 
between the storage system, power generation and its consumption.

A wide range of techniques is already available in the literature and these techniques 
can be classified into two main categories [14-18]. Indeed, these approaches are based 
either on information processing methods or on optimization tactics:
• Information process methods: These methods are designed to model nonlinear systems. 

For example, HEMS controllers can use artificial intelligence (AI) methods, such as 
support vector machines (SVM), artificial neural networks (ANN) or recurrent neural 
networks (RNN), to map the electrical properties of the house using categorized 
metering data [19]. There are also adaptive neural fuzzy inference systems (ANFIS), 
which represent a mix of neural networks and fuzzy inference systems, to monitor 
and predict power consumption [20];

• Optimization process methods: These methods use fixed functions, such as economic 
feasibility, optimal management or error minimization. Model predictive control 
(MPC), particle swarm optimization (PSO) and genetic algorithm (GA) are three 
examples of the most commonly used techniques in HEMS scheduling [21,22].
As shown in Figure 1, Bissey et al. recently proposed an example of HEMS using fuzzy 

logic control (FLC) [23]. This approach used machine learning and data collected from 
different houses (i.e., time, day, past power consumption and indoor/outdoor temperature 
data) to find optimized criteria for the configuration of an HEMS. Although the approach 
described in this paper is effective, its validity only makes sense if a large experimental 
database is available to build the fuzzy rule base and membership functions needed to 
make this HEMS work. Recently emerged deep learning (DL) methods are proving to be 
effective tools, even surpassing traditional approaches as they greatly reduce the need for 
human interaction [24,25].

A storage system is required for the installation of such an HEMS. Alternating loads 
can be powered either directly from the AC grid or through an inverter in case the stor
age system would relieve the AC grid. To implement these two modes of operation, a 
necessarily bidirectional DC-AC converter must be operational [26]. Its metrics in terms 
of compactness, efficiency and output signal quality must be as high as possible. In this 
context and as illustrated in Figure 1, this paper focuses on the sizing and implementation 
of such a bidirectional converter.

Multilevel DC-AC converters, introduced in the 1980s, that are widely deployed today 
and whose performance has been discussed in the literature for many years allow the 
output voltage to be varied in steps by generating levels [27-29].
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Figure 1. The principle of the smart HEMS implemented in this study [23].

By significantly increasing the number of levels, the output signals become more 
similar to sinusoids, which drastically reduces their total harmonic distortion (THD) and 
thus, improves the power quality of the converter and a fortiori of the microgrid. To increase 
the number of levels, two approaches are classically implemented: increasing the number 
of voltage sources on the DC bus side or multiplying the number of semiconductor devices 
to be controlled [30]. Multilevel converter topologies are still widely used for medium and 
high voltage applications, such as electrical motor drives or grid connected converters, 
because they generate very low harmonics [31].

Totem pole topologies are also interesting structures dedicated to bidirectional DC-AC 
conversion. In this type of structure, bidirectional switches based on MOSFETs, thyristors 
or Triacs are used. Such a topology is generally suitable for high-power applications. Its 
two main advantages are the reduction in the number of components to be controlled and 
the simplicity of the use of the converter itself. Recent studies have demonstrated their 
energy efficiency for particularly high-power densities [32,33].

Despite their high energy efficiency, totem pole topologies cause electromagnetic 
interference at high frequencies due to the floating points that exist in these architectures. 
Multilevel DC-AC topologies, widely used today in high voltage, use particularly bulky 
filters to limit electromagnetic compatibility problems. Thus, to avoid these problems, we 
sought to implement a topology more suitable for HEMS applications whilst remaining 
within the specified power range.

This paper aims to prove experimentally the merits of another type of bidirectional 
DC-AC converter that is more suitable for HEMS applications. The proposed topology, 
which has not yet been fully explored in the literature [34,35], is formed by the association 
in series of a DC-DC stage and a DC-AC stage with these two stages being necessarily 
bidirectional. In inverter mode, the DC-DC stage generates a full-wave rectified sine wave 
thanks to its pulse width modulation (PWM) control. This signal is then inverted half
period by half-period by the DC-AC stage to create the sine wave signal. In rectifier mode, 
the DC-AC stage acts as a full bridge while power factor correction (PFC) is provided by 
the DC-DC stage.

The main contribution of this study is the sizing and experimental validation of the 
proposed bidirectional DC-AC converter topology coupled with a control strategy for 
HEMS applications. This converter needed excellent compactness and high efficiency (at 
least 95%), both at low power (a few hundred watts) and up to 1.5 kW. The HEMS, which 
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is associated with the designed converter, needed to supervise the transition between 
operating modes, as well as the amount of energy stored or injected into the AC grid.

The remainder of this paper consists of the following sections. Section 2 describes the 
proposed topology with the above key properties. The sizing strategy of the converter and 
the main experimental results are presented in Section 3. Finally, a discussion based on the 
main experimental results that were obtained is proposed in Section 4.

2. Bidirectional DC-AC Converter Topology Proposal and Control Methodology
In order to validate the fuzzy logic-based control technique implemented in our 

proposed HEMS [23], we had to design a bidirectional DC-AC converter that was capable 
of functioning as both an inverter and a PFC rectifier. The transition between these two 
modes of operation needed to be fully automated and without human intervention in order 
for our HEMS to autonomously store, produce and supply energy for domestic use.

Before validating its operation by appropriate experimental measurements, it is essen
tial to detail the operating modes of the converter, as well as its control strategies.

2.1. Proposed Topology and Details of Its Operating Modes
Figure 2 shows the overall structure of the proposed bidirectional DC-AC converter. The 

energy transfer between a DC voltage source and an AC voltage source, and vice versa, was 
the basis of this structure. The association in series of a DC-DC stage and a DC-AC stage 
ensured this principle of operation with these two stages being necessarily bidirectional.

Figure 2. Principle diagram of the proposed bidirectional DC-AC converter.

The DC-DC stage needed to generate a rectified sine wave from the PWM command 
of the power switches (see © in Figure 2). Since the power devices in this stage switched at 
a frequency of a few hundred kilohertz to optimize the compactness of the whole converter, 
the inductance, noted L1 in Figure 2, was sized so that the ripple of the current was 
negligible compared to the sinusoidal component at low frequency (in this case, 50 Hz). 
Therefore, the DC-DC converter acted as a controllable output voltage source.

By changing the voltage of a modulation stage, the output current could be regulated. 
This is very interesting, especially when the output current is strongly reduced or in the 
of variable DC voltage. This strategy allowed the output voltage of the DC-DC stage 
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to be modulated. Specifically, when this modulated voltage was higher than the mains 
voltage, the output current had a positive value. In the opposite case, the output current 
was negative.

Thus, two modes of operation were possible:
• Inverter mode: In this case, energy was transferred from the storage system to the AC 

grid (see the black arrows in Figure 2, as well as Figure 3).
• PFC rectifier mode: In this operating mode, energy was transferred from the AC grid 

to the storage system (see the grey arrows in Figure 2, as well as Figure 4).

Figure 3. Schematic diagram of the converter in inverter mode.

Figure 4. Schematic diagram of the converter in PFC rectifier mode.

The design approach that was chosen allowed the converter to be used in both grid- 
connected and off-grid modes. Since the microcontroller was synchronized with the AC 
grid to sensibly drive the DC-DC and DC-AC stages, only the grid-connected mode will 
be discussed in the remainder of this paper.
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The DC-AC stage was responsible for inverting every other sinusoidal half-wave to 
obtain a full sinusoidal output signal (see © in Figure 2).

Compared to existing voltage source converter topologies, such as multilevel struc
tures, the coupling of a DC-DC stage with an H-bridge has many advantages:
• The standard DC-DC converter and the H-bridge are two very common and mastered 

topologies;
• Many H-bridge topologies are composed of four or more power components that 

switch at high frequency. In our proposed architecture, only those in the DC-DC 
stage (see transistors T1 and T2 in Figure 2) operated at high frequency, i.e., 150 kHz 
implemented here. In the DC-AC stage, all components (see components T3, T4, T5 
and T6 in Figure 2) switched at low frequency, i.e., 50 Hz;

• When switching at high frequency, it is imperative to take into account the delay 
between the two switching operations in the same branch for safety reasons. Here, the 
safety delay was easier to regulate since only one stage operated at high frequency;

• In our architecture, the capacitance used at high frequency to modulate the voltage Vc 
(see Figure 2) was small (about 10 gF). This is not the case in many other topologies in 
the literature, where the authors consider that the use of an AC capacitor is mandatory.

2.2. Modulation of the Output Voltage of the DC-DC Stage
In a rather classical way, three solutions (see Figure 5) are proposed here to adjust the 

voltage Vc (see Figure 2) of the DC-DC stage. We assume that the whole DC-AC converter 
operates in inverter mode (see Figure 3) to briefly explain each solution.

DC-DC 
(1st stage)

Figure 5. Solutions to modulate the output voltage of the DC-DC stage.

In the three cases of Figure 5, the output capacitor of the DC-DC stage, noted C1, was 
always used. Its value considered here was 10 gF to avoid a strong ripple of the voltage Vc.

The first solution (see Case 1 in Figure 5) was to use the capacitor C1 directly. The 
DC-DC stage then operated as a buck-type step-down converter. Despite the simplicity of 
this solution since it does not use any power device, it has a major drawback. Indeed, a 
current could flow inside the transistor, named T2 in Figure 2, during the discharge of the 
capacitor, which could lead to it overheating.

As can be seen in Case 2 in Figure 5, a resistor of a few ohms coupled with a switch 
could be used to solve the above problem. If the load impedance was too high, then the 
capacitor used in this case could be discharged through this resistor. This solution was 
especially interesting when the output power of the inverter fluctuated during operation. 
However, because of this resistance, this solution strongly penalized the efficiency of the 
DC-DC stage and, by extension, of the whole DC-AC converter.

190



Energies 2022, 15, 1194

The last solution (see Case 3 in Figure 5) was to connect n-quadrupoles in parallel. 
Each quadrupole consisted of a capacitor and a power switch that were in series. Such a 
solution aimed to fix the ripple of the output voltage of the DC-DC stage. Even though 
this solution was slightly more complex than the previous ones, adaptation to many more 
loads could be achieved. Finally, the efficiency of the DC-DC stage was not penalized so 
much in this case. In the remainder of this manuscript, this solution is implemented with 
two quadrupoles in parallel with the output capacitor (see capacitor C1 in Figure 5)of 
the DC-DC stage. In conclusion, the values of the three capacitors, C1, C2 and C3, of the 
modulation stage were equal to 10 pF, 1 pF and 68 nF, respectively (see Figure 5). The value 
of each capacitor was determined by the ripple of the voltage Vc (arbitrarily, we considered 
1% here) and the estimated current (see (1)).

I x A t 
A V

(1)

where:
• I is the estimated current;
• AV is the ripple of the voltage Vc, which is constant (i.e., 1%);
• At = aT = F with a as the duty cycle and F as the switching frequency

2.3. Control Strategies
In this section of the paper, we will describe the control strategies of the proposed 

bidirectional DC-AC converter. We will only give the principles and thus, we will not detail 
the control circuit or the AC network connection strategy because several patents are pending.

2.3.1. Inverter Mode
In inverter mode (see Figure 3), energy flowed from the storage system to the AC 

grid. In this type of operation, the most important objective was to control the current 
injected into the AC grid by regulating the output voltage of the DC-DC stage. Figure 6 
shows the overall architecture of the MOSFET control circuit inside the DC-DC stage (see 
transistors T1 and T2 in Figure 2). We recall that this stage supervised the generation of a 
semi-sinusoidal output signal. The possibility of modifying the injected current was the 
indispensable aspect of this control strategy. Figure 6 shows that the microcontroller was 
programmed to adjust the duty cycle from zero to one with great precision.

A minor increase or decrease in this variable caused the current injected into the AC grid 
to increase or decrease. This allowed us to control the selection of the operating mode and 
provided us with the ability to switch from inverter to rectifier mode, as we will see later.

The DC-AC stage, on the other hand, was controlled using the frequency measurement 
of the smart meter with a switching frequency of 50 Hz in order to be synchronized with 
the grid (see transistors from T3toT6 in Figure 2).

2.3.2. PFC Rectifier Mode
In PFC rectifier mode (see Figure 4), energy flowed from the AC grid to the storage 

system. In this kind of operation, the most important objective was to control the absorbed 
current, which needed a sinusoidal waveform. This objective could be achieved by adjust
ing the equivalent capacitance of the modulation stage of the DC-DC stage (see Case 3 in 
Figure 5). As for the inverter mode, we chose the solution with a capacitance C2 equal to 
1 pF because it offered the best results. The PFC mode, achieved by the DC-DC stage, was 
essential to meet the requirements of IEC 61000-3-2.

Figure 7 shows the structure of the control circuit of the MOSFETs inside the DC-DC 
stage. The regulation of the control circuit was made possible by a current sensor and a 
voltage sensor to realize the PFC strategy.
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Figure 6. Control strategy of the MOSFETs inside the proposed bidirectional DC-AC converter used 
in inverter mode.

Transistor T2 150 kHz
ON state
OFF state ■►Time [s]

Figure 7. Control strategy of the MOSFETs inside the proposed bidirectional DC-AC converter used 
in PFC rectifier mode.

The DC-AC stage was controlled by the very same signal as the inverter mode, so it 
was synchronized with the AC grid at a switching frequency of 50 Hz.
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3. Sizing of the Bidirectional Converter and Main Results in Grid-Connected Mode
3.1. Specifications, Key Sizing Steps and Selection of the Main Components

The specifications of the prototype bidirectional DC-AC converter that we realized 
are listed in Table 1. The electrical waveforms were evaluated based on the topology and 
control strategies detailed in the previous section.

Table 1. The specifications of the proposed bidirectional DC-AC converter.

Parameters Values

RMS voltage (V)
AC bus Frequency (Hz)

Grid capacitor (pF) (see Cac in Figure 2)
DC bus DC voltage (V)

Input current (A)
DC-DC stage Output current (A)

Switching frequency (kHz)
Output current (A)DCAC stae Switching frequency (Hz)

Targeted power

Targeted efficiency

110/230
50/60

1
400

10 max.
5 max.

150/300
5 max.

AC grid frequency
From 100 W up to 1.5 kW

About 95% over the entire power range 
considered

The approach to the sizing of the converter was classical because the two stages taken 
separately are now well-known and mastered [36-40]. Of course, this approach is adaptable 
according to the targeted application and design constraints. Figure 8 presents the key 
steps for the sizing of the passive and active components of each of the two stages. In this 
approach, the following parameters were essential to take into account:
• The static and dynamic losses in the MOSFETs (in the DC-DC stage, which switched 

at several hundred kilohertz, it was particularly important to determine the switching 
losses) and the losses in the passive components (it was particularly important to take 
into account the losses in the core of the DC-DC stage choke due to hysteresis and 
eddy currents) to reach the efficiency objectives;

• The thermal management of the components over the targeted power range;
• The choice of the technology and the packaging of the components to optimize the 

compactness and mass of the converter;
• Other constraints in view of the industrialization of the product, such as electromag

netic compatibility problems and also the development cost.
As shown in Figure 8, the main components to be sized were the power MOSFETs 

of both stages [36-38], the inductor of the DC-DC stage [39,40] and the output voltage 
modulation of the DC-DC stage [26].

For the power MOSFETs, given the high switching frequency of the DC-DC stage (a 
few hundred kilohertz) and to optimize the thermal management of the components, we 
chose silicon carbide (SiC) devices. For the DC-AC stage, which switched at the AC grid 
frequency, silicon substrate components were perfectly suited. Then, whatever the two 
stages, it was essential to take into account: the voltage withstand; the current flowing in 
the drain; the switching characteristics, especially the rise and fall times for the components 
of the DC-DC stage; the gate charge characteristics; the characteristics of the body diodes; 
and the thermal characteristics, in terms of junction temperature and thermal resistances.

The choice of power MOSFETs also took into account future normative tests, which 
are essential before the industrialization of the product, such as immunity to burst tran
sients, resistance to electrostatic discharges and electromagnetic compatibility. As shown 
in Figure 9 and Table 2, the DC-DC stage used two (see T1 and T2 in Figure 9) SiC MOS- 
FETs (reference: SCT3080AL; manufacturer: ROHM semiconductor) with, for these two 
transistors, a nominal drain current and drain-to-source voltage equal to 30 A and 650 V, 
respectively. Two switching frequencies were considered: 150 kHz and 300 kHz. Switching 
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the components of this stage at 300 kHz allowed for the drastic reduction in the size of 
the passive components and a fortiori the optimization of the size of the converter. On the 
other hand, this penalized the efficiency of the system (the desired efficiency of 95% was 
difficult to achieve) because the switching losses were very significant (see Section 4.2). 
Therefore, the switching frequency of 150 kHz was implemented experimentally in order to 
obtain a compromise between the compactness of the system, its efficiency over the entire 
power range (i.e., from 100 W to 1.5 kW) and the optimization of its power quality; this 
last point will be studied in more detail in the near future. As for the DC-AC stage, as 
shown in Table 2 and Figure 9, it used four MOSFETs (designated T3, T4, T5 and T6) on a 
silicon substrate (reference: IRFPS43N50K; manufacturer: Vishay Siliconix), each with a 
nominal drain current and drain-to-source voltage equal to 47 A and 500 V, respectively. 
The power devices were turned on and off with zero crossing of the AC grid voltage to 
minimize losses.

See Table 1

Main specifications of the converter
DC bus characteristics 
AC bus characteristics 
Targeted power 
Targeted efficiency

Main active and passive components to size

_____ £_____
Electronic CAD (computer-aided design) 

Simulation, routing and manufacturing of the printed 
circuit boards, and prototype optimization

Figure 8. The key sizing steps of the proposed converter [26,38,40].

Figure 9. Electrical diagram of the power circuit of the converter.
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Table 2. A selection of the main components.

Parameters Values
DC DC stage Inductance of the DC coil (pH) (see L1 in Figure 9)

Power MOSFETs used (see T1 and T2 in Figure 9)

Modulation Capacitances (pF) (see C1, C2 and C3 in Figure 9)
stage Power MOSFETs used (see T8 and T9 in Figure 9)

DC-AC stage Power MOSFETs used (see T3, T4, T5 and T6 in Figure 9)

Control strategies (SiC and silicon MOSFET drivers, voltage/current sensors, 
AC grid frequency reading)

700
Two N-channel SiC power MOSFETs of 650 V, 30 A, 80 mD (part 

number: SCT3080AL; manufacturer: ROHM Semiconductor); 
switching frequency of a few hundred kHz (150 kHz 

implemented experimentally) 
10 (C1), 1 (C2) and 0.068 (C3)

Two N-channel power MOSFETs of 500 V, 47 A, 78 mD (part 
number: IRFPS43N50K; manufacturer: Vishay Siliconix).

Four N-channel power MOSFETs of 500 V, 47 A, 78 mD (part 
number: IRFPS43N50K; manufacturer: Vishay Siliconix); switching 

to AC mains frequency (50 Hz here)
Microcontroller based on the Arm® Cortex®-M4 32-bit RISC 

(reduced instruction set computer) core, operating at a frequency of 
up to 168 MHz (part number: STM32F407VG;

manufacturer: STMicroelectronics)

Concerning the optimization of the DC-DC stage inductance in terms of electromag
netic characteristics, compactness and mass, we took into account the geometry, toroidal or 
planar and the type of core, as well as the ferromagnetic material used, according to the 
frequency and the maximum induction [39,40]. Several technologies were studied in order 
to determine the most suitable inductance for the sized converter. The choice of the 700 pH 
inductor (see L1 in Figure 9) was based on limiting the current ripple in the inductor to less 
than 20% of the maximum current (i.e., 5 A here) [41]. We also considered its maximum 
DC resistance (0.12 D) and the evolution of its impedance with frequency. Considering 
all these elements, we chose the WE-FI leaded toroidal line choke from the manufacturer 
Wurth Electronik.

Regarding the output voltage modulation of the DC-DC stage, the value of the capaci
tors (see C1, C2 and C3 in Figure 9) was explained in Section 2.2.

Concerning the servo strategy of the proposed converter, a differential measurement 
was used to determine the AC bus voltage as a function of the phase potential (VL) and the 
neutral point potential (VN). This differential measurement was performed with a voltage 
divider bridge of the same resistance value, i.e., 47 kD (see R1, R2 and R3 in Figure 9). To 
measure the current flowing between the DC-DC stage and the DC-AC stage, as shown in 
Figure 9, a 15 A closed-loop Hall transducer (reference: LKSR 15-NP; manufacturer: LEM) 
was used in series with the inductor of the DC-DC stage.

Finally, an STM32F407VG microcontroller unit from the manufacturer STMicroelec
tronics drove the entire converter and provided automatic AC grid connection and discon
nection. The control board with the microcontroller, the MOSFET drivers and the control 
strategies of the power components are currently under patent and cannot be detailed in 
this manuscript.

3.2. Experimental Test Setup and Standby Mode
A comprehensive experimental process was adopted to validate the two modes of 

operation of the bidirectional DC-AC converter proposed here when connected to the AC 
grid and in a power range up to 1.5 kW. The converter demonstrator naturally included the 
DC-DC and DC-AC stages, but also an adaptive filter, as well as a power supply (i.e., +5 V 
and +12 V) to power the onboard electronics.

As shown in Figure 10, four 12 V, 7 Ah batteries (reference: NP7-12; manufacturer: 
YUASA) were used to simulate the storage system. These batteries were associated in series 
to provide the overall voltage of 48 V (see O in Figure 10). On the AC side, the connection 
to the power supply was provided by a single-pole variable transformer (reference: SEC2; 
manufacturer: LANGLOIS) set at 110 V RMS. A line impedance stabilization network (LISN) 
(reference: PD30; manufacturer: EMC MASTER; main features: monophasic, 220 V,10A, 
150 kHz to 30 MHz) was used to control the network impedance and ensure measurement 
repeatability (see © in Figure 10).

195



Energies 2022, 15, 1194

Figure 10. The experimental test setup.

A high-voltage differential probe (reference: P5205; manufacturer: Tektronix) and a 
15 A AC-DC current probe (reference: TCP202; manufacturer: Tektronix) were used to 
measure the output voltage and current, respectively. The output power of the DC-DC 
stage was measured using a power meter (reference: PX 110; manufacturer: Metrix). For 
the measurement of the output power of the DC-AC stage, the same type of electronic 
meter was used.

To connect to the AC grid, the bidirectional DC-AC converter used a patent-pending 
automated routine. Figure 10 shows the converter in a steady state with the grid at 0 watts 
(see © in Figure 10) and the batteries powering the system. The power consumption of the 
converter in sleep mode was 3.6 W (see © in Figure 10). The DC bus was monitored (see © in 
Figure 10) and displayed the DC voltage (see © in Figure 2), while differential probes were 
used to monitor the voltage generated between the two stages of the converter, as well as that 
between the converter and the grid connection (see © in Figure 10, as well as Figure 11).

Figure 11. Experimental validation of the standby mode: output signals.

3.3. Experimental Validation of the Operating Modes
3.3.1. Foreword

This section of the paper aims to validate the two operation modes (i.e., inverter and 
PFC rectifier) of the proposed bidirectional DC-AC converter. To avoid damage to the 
prototype of the whole converter, the experimental tests were performed at low power. The 
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single-pole variable transformer was used to adjust the grid voltage to 110 V RMS, 50 Hz, 
while the DC side was connected to the four Yuasa batteries for a total of 48 volts DC. The 
prototype also included a charge-discharge management system, capable of supplying up 
to 350 V DC to the whole converter.

The RMS voltage and frequency were monitored by the microcontroller on both sides 
of the primary switch connecting the converter to the AC grid (see Figure 2). The switch 
was closed when all criteria for grid connection were met [36], and the voltage on both 
sides of the converter was balanced using the duty cycle adjustable by the control circuit. 
Therefore, the bidirectional converter could operate in inverter or PFC rectifier mode, 
depending on the state of the AC grid. Thus, the HEMS provided a corresponding signal 
that forced the bidirectional converter to inject electricity into the grid (inverter mode) or to 
charge the batteries (PFC rectifier mode). Two buttons were added to the microcontroller to 
substitute the HEMS signal for the following results. The duty cycle could be adjusted, and 
the power direction and operating mode could be controlled with these two buttons.

Between the batteries and the DC-DC stage, a third stage was introduced for this 
experiment. The purpose of this stage was to modify the charge and the injection of electricity 
and to adapt the voltage and the current between the DC-DC stage and the batteries.

The following two subsections examine these two modes of operation in detail.

3.3.2. Inverter Mode
The objective here was to confirm the proper operation of the bidirectional DC-AC 

converter in inverter mode. Figure 12 shows an example of the experimental results in this 
mode, where the batteries supplied 485 W to the whole system. In this example, the DC 
bus voltage was 178 V; this voltage represented the input DC voltage of the bidirectional 
converter. Figure 12 shows the output voltage of the DC-DC stage, confirming the sine 
half-wave, here at the RMS voltage of 126 V (measured using © in Figure 10). The output 
of the DC-AC stage was a 50 Hz sine wave with, here, an RMS voltage of 120 V. This signal 
was applied to the AC grid and the power was effectively negative in this case (measured 
using © in Figure 10) since power was being injected (in this example, 410 W). Figure 12 
also shows the current injected into the AC grid, here with an RMS value of 2 A. As the 
current was imposed by the converter, it was necessarily out-of-phase with the voltage. 
While the inverter was injecting power into the AC grid, the voltage would remain constant 
even if the current changed.

Figure 12. Experimental validation of the inverter mode: output signals.

3.3.3. PFC Mode
The objective here was to confirm the proper operation of the bidirectional DC-AC 

converter in PFC rectifier mode. First, it was essential to demonstrate that the power factor 
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modification was indeed feasible in this case. The sinusoidal current could be absorbed by 
appropriately controlling transistor T2 of the DC-DC stage (see Figure 9).

Figure 13 shows an example of the experimental results in PFC mode. In this configu
ration, the AC grid delivered a positive power of 80 W to the whole system (measured using © in Figure 10). The power transmitted to the batteries via the bidirectional converter was 
necessarily negative in this case, which indicates that we were in a charge cycle (indicated 
by © in Figure 10). Figure 13 shows the sine wave imposed by the AC grid, as well as the 
half-sine curve between the DC-DC stage and the DC-AC stage, while we monitored the 
input of the DC-AC stage. Figure 13 shows an RMS voltage of the half-sine wave of 49 V, 
while the voltage at the DC bus was 166 V (measured using © in Figure 10).

Figure 13. Experimental validation of the PFC mode: output signals.

In this example, the voltage and the absorbed current were imposed in order to follow 
the charge curve of the batteries.

4. Discussion
4.1. Switching of the HEMS Control

The main objective of this work was to design and implement a bidirectional DC-AC 
converter that was connected to an HEMS system [23]. The HEMS system supervised the 
control of several elements of the converter, such as:
• Automatically connecting the converter to the AC grid in standby mode, which 

ensured a balanced condition between the energy supplied by the batteries and the 
electricity supplied by the AC grid (see Figures 9 and 10);

• Inverter mode: In this mode, the HEMS determined the amount of energy to be 
supplied to the grid by changing the duty cycle of the control signals. This allowed 
us to provide the precise amount of energy required. In the example described in 
Figure 12, we changed the duty cycle to inject 410 W; depending on the state of the 
grid, this amount could be as much as 1.5 kW;

• PFC rectifier mode: In this mode, the system operated as a battery management system 
(BMS). The HEMS could read the state of charge (SoC) of the batteries and adjust the 
voltage and current sent to the batteries in order to store the precise amount of excess 
energy available from the AC grid (see Figure 13).
At this stage, the bidirectional DC-AC converter was tested on a 110 V, 50 Hz AC grid. 

The next experiments will be performed on a 230 V, 50 Hz AC grid. The converter is fully 
self-adaptive and, therefore, requires no human interaction; all of the above parameters can 
be modified using real-time data measurements provided by the HEMS.

The experimentally designed and implemented bidirectional DC-AC converter is 
compatible with the HEMS system that we recently developed in [23]. Therefore, it can be 
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fully used either to store excess energy available on the AC grid in batteries or to inject 
energy into the AC grid, according to the consumption patterns defined in the house.

4.2. Efficiency of the Whole Converter
This section of the manuscript aims to study in detail the efficiency of the proposed 

bidirectional DC-AC converter and, more specifically, when it operates in inverter mode. 
The PFC rectifier mode was regulated by the battery management system and thus, de
pended on the battery state of charge. The amount of energy stored could be varied but 
was comparable to the voltage and current measurements in the batteries, as well as the 
charge curves of the storage system. Combined with the charge control system, the overall 
efficiency of the system shown in the example in Figure 13 was approximately 85%.

In grid-connected inverter mode, we performed the efficiency measurements at low 
power (a few tens of watts) and up to 1.5 kW. The measurements were tricky to perform 
because we needed to ensure that the power injected by the batteries was flowing through 
the charge-discharge management system and that the power was detected at the output 
using the DC voltage and current measurements shown in Figure 12.

Figure 14 shows the evolution of the efficiency of the bidirectional DC-AC converter 
as a function of the rated output power. Figure 14 shows that the average efficiency of 
the whole converter was about 96.5%, from 100 W to 1.5 kW. It should be noted that it 
would be difficult to achieve any better given the general architecture chosen, i.e., the series 
connection of a DC-DC stage and a DC-AC stage, even if the DC-DC stage presented 
excellent performances (average efficiency of 98.5% over the tested power range). At very 
low power (e.g., 50 W), although the 95% target was not reached, the values obtained (here 
about 91.5% at 50 W) were more than satisfactory compared to other topologies discussed 
in the literature.
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Figure 14. The efficiency of the bidirectional DC-AC converter in inverter mode (experimental results).

The losses were distributed mainly by the MOSFETs and the passive devices, especially 
the inductance of the DC-DC stage. The classical ferrite core was banned from this proto
type because it caused too many losses in the iron. Therefore, we chose a high flux core that 
was ideal for high frequencies. To be more precise, the losses in the MOSFETs represented 
1.1% of the target power, while the losses in the DC-DC stage inductor represented 2.4% 
of the target power. Conduction losses and switching losses could be estimated from the 
key characteristics (including drain-to-source on-state resistance, rise time and fall time) of 
each MOSFET. These losses represented 0.1% and 1% of the target power, respectively. By 
adjusting the reference of the SiC devices used in the DC-DC stage, for example with 36 A, 
900 V SiC MOSFETs from the manufacturer Cree, it was possible to reduce the losses of the 
MOSFETs and gain nearly 0.5 percentage points in efficiency.
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Compared to the first converter presented in [26] (this converter was experimentally 
tested in islanding mode), we intentionally decreased the switching frequency of the 
MOSFETs in the DC-DC stage from 300 kHz to 150 kHz. At 300 kHz, the converter 
efficiency lost, on average, 0.3 efficiency points over the output power range studied 
here. By switching to 150 kHz, we optimized the efficiency and, in addition, anticipated 
future electromagnetic compatibility issues, which we will detail in the near future.

5. Conclusions
In this paper, the main objective was to present and experimentally validate a bidi

rectional DC-AC converter, connected to the AC grid and suitable for HEMS applications 
when an energy storage system is required. The proposed topology was based on two 
necessarily bidirectional stages associated in series: the first being a DC-DC stage com
posed of two silicon carbide power MOSFETs, which were controlled at high frequency 
(the frequency of 150 kHz was implemented experimentally); the second being an H-bridge 
composed of four MOSFETs on silicon substrate, which were controlled at the frequency of 
the AC grid (i.e., 50 Hz here). With this converter architecture, the DC-DC stage regulated 
the DC voltage and established the positive parts of an AC waveform, while the DC-AC 
stage reversed it to obtain the sinusoidal voltage. Thus, the proposed structure provided 
an excellent AC waveform, but the latter depended mainly on the DC-DC stage.

A complete experimental procedure was defined and implemented to validate the 
operating modes of the bidirectional DC-AC converter, i.e., the inverter mode and the 
PFC rectifier mode, especially in the case of a grid connection. The energy efficiency of 
the whole DC-AC converter operating in inverter mode was evaluated and exceeded the 
target of 95% over the entire power range studied, i.e., from 100 W to 1.5 kW.

The three main outcomes of this study are summarized below:
1. The complexity of the topology is reasonable, so it can be recommended as an alterna

tive solution for HEMS applications;
2. In the case of stand-alone inverter operation and unlike traditional H-bridges, the 

proposed converter does not require the use of a bulky filter, which optimizes its 
compactness. The optimization of the compactness of the whole system is made 
possible by the use of silicon carbide MOSFETs in the DC-DC stage, switching at 
several hundred kilohertz (the frequencies of 150 kHz and 300 kHz were investigated 
here and the 150 kHz frequency was implemented experimentally);

3. The proposed bidirectional DC-AC converter can operate in a grid-connected config
uration, with the ability to charge batteries during off-peak hours and use the energy 
from those batteries during peak loads. The operating mode of the entire converter is 
controlled by the previously presented HEMS system [23].
The experimental results demonstrate the expected performance of such a system, both 

in terms of its operating modes and its high energy efficiency. The bidirectional switching 
of the components of this architecture is autonomous in adjusting the control commands 
of the microcontroller, as well as controlling the amount of energy to store or inject into 
the grid. The algorithm of the control strategy, the communication between the developed 
system and the smart meter are being patented.

The short-term perspectives of this work are as follows. The bidirectional DC-AC 
converter was developed to operate in both grid and off-grid mode. The islanding mode 
will be presented in another paper. In addition, the electromagnetic compatibility aspects 
will have to be realized in order to conform with the standards of connection to the AC 
grid that are in application. In the longer term, the whole converter and the HEMS will be 
installed in real smart homes and the profitability of our approach will be evaluated.
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Abbreviations
The following abbreviations are used in this paper:
AC Alternating current
AI Artificial intelligence
ANFIS Adaptive neural fuzzy inference systems
ANN Artificial neural networks
BMS Battery management system
CAD Computer-aided design
DC Direct current
DL Deep learning
FLC Fuzzy logic control
GA Genetic algorithms
HEMS Home electricity management systems
IoT Internet of things
MOSFET Metal oxide semiconductor field effect transistor 
MPC Model predictive control
PSO Particle swarm optimization
PFC Power factor correction
PV Photovoltaics
PWM Pulse width modulation
RISC Reduced instruction set computer
RMS Root mean square
RNN Recurrent neural networks
SiC Silicon carbide
SoC State of charge
THD Total harmonic distortion
Triac Triode for alternating current
VSC Voltage-source converter
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