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Abstract. The article presents the analysis of the simulation test results for three variants of the power electronics used as interface between the 
power network and superconducting magnetic energy storage (SMES) with the following parameters: power of 250 kW, current of 500 A DC 
and voltage of 500 V DC. Three interface topologies were analyzed: two-level AC-DC and DC-DC converters; three-level systems and mixed 
systems combining a three-level active rectifier and a two-level DC-DC converter. The following criteria were considered: input and output 
current and voltage distortions, determined as THDi and THDu, power losses in power electronics components; cost of the semiconductor 
components for each topology and total cost of the interface. Results of the analysis showed that for high-power low-voltage and high-current 
power electronics systems, the most advantageous solution from a technical and economical perspective is a two-level interface configuration 
in relation to both AC-DC and DC-DC converters.

Key words: superconducting magnetic energy storage (SMES), power electronics interface, variant solutions.
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total purchase cost will increase significantly, and the solution 
might not prove competitive. To achieve the required voltage 
and current quality in low-voltage high-power active rectifiers 
[7], it may be more economically feasible to use LC filters at 
the rectifier input than to introduce multi-level systems.

The article presents an evaluation of technical and eco-
nomic aspects for a two-directional AC-DC-DC 250 kW (500 V, 
500 A) power electronics system used as interface between 
superconducting magnetic energy storage (SMES) and a low 
or medium-voltage power network via a matching-isolation 
transformer [2, 8]. The interface includes a 3-phase active rec-
tifier and a pulse DC-DC converter [6]. The comparative study 
described covered two-level and three-level topology (identical 
current, voltage and power at the system output) and a mixed 
topology (a three-level active rectifier and a two-level DC-DC 
converter) [4, 5, 12, 13]. The evaluation was based on simu-
lation analysis of these solutions. The criteria used were as 
follows: cost of semiconductor components for the converters, 
power losses at the components and current waveform quality 
at the point of coupling of an active rectifier with the power 
network, determined as a THDi ratio for the current and a THDu 
ratio for voltage. It was also assumed that the parameters of 
passive interface components, i.e. filter capacitance and induc-
tance in the AC-DC and DC-DC converter, are identical for all 
solutions.

2.	 Simulation tests

2.1. General. Simulation tests of the interface were carried out 
using PSIM10 software for three different topologies of the 
power electronics systems (item 1) used as interface between 
superconducting magnetic energy storage (SMES) and a power 
network via a matching-isolation transformer. The simulation 

1.	 Introduction

Use of a multilevel configuration in medium-voltage power 
electronics converters may appear justified or even necessary 
due to the limited withstand voltage of power transistors. How-
ever, introducing three-level configurations into low-voltage 
converters is questionable as better voltage and current parame-
ters are noted both at the power network input and output. Con-
figuration of a low-voltage converter operating in a 3£400 V or 
similar power network depends on its application, in particular 
its power level [1, 9, 10, 16].

For low-power converters, i.e. those with the power of 
several kW that can include semiconductor components with 
a voltage of 600 V or less, the use of multi-level systems can be 
technically and economically viable. With a slight increase in 
the converter costs due to the higher number of semiconductor 
components with lower rated voltage and thus lower unit price, 
the voltage and current waveforms both at the converter input 
and output can be improved [14, 15].

The situation is different for systems with the power of 
several hundred kW and with transistor-diode modules of the 
nominal current of a thousand or more amperes whose unit 
price amounts to approx. PLN 1500.00. The modules are not 
offered for voltages below 1200 V and are compatible with 
two-level converters operating in 3£400 V power networks. 
For example, use of a 3-phase active three-level rectifier instead 
of a two-level rectifier will result in a significant increase in the 
number of semiconductor modules required (with the same or 
similar parameters as for the two-level system). As a result, the 
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scheme uses models of semiconductor devices containing all 
the characteristic quantities and dependencies for a given semi-
conductor element. Thus, the THD values obtained as a result 
of simulation tests also contain harmonics related to switching 
processes of power electronics devices.

Of course, the THD coefficient contains higher harmonics.
Interface components were selected at the design stage. The 

following parameters of superconducting magnetic energy stor-
age (SMES) were used:
●	power – 250 kW;
●	 average rated current ILm(AV) – 500 A;
●	maximum storage voltage ULm – 500 V;
●	 storage reactor inductance – Lm = 80 H;
●	modulation at active rectifier – sinusoidal PWM at 5 kHz, 

providing high system efficiency and reducing switching 
losses in the semiconductor components while maintain-
ing low current distortion during active power transmission 
between the power network and the rectifier and energy 
transfer at the power factor of 1, and allowing to use silicon 
transistors available at a unit price lower than the silicon 
carbide transistors;

●	modulation frequency of the pulse DC regulator 5 kHz;
●	 regulator operation is controlled using the unipolar PWM 

technique, providing lower RMS current in the circuit 
between the capacitor in the direct current circuit and 
the storage (at the same energy transfer rate) than the bipolar 
PWM technique. It affects both the compatibility and cost 
of the capacitors in the DC circuit;

●	 the simulation tests of the interfaces used thermal simula-
tion models of power electronics components included in 
PSIM10 software and model parameters as declared by the 
manufacturer;

●	THDi and THDu ratios defining voltage and current quality, 
respectively, at the point of coupling were ∙3%.
These parameters were provided by three power electronics 

interfaces shown in Fig. 1, 4 and 7, with the following common 
components:
●	Three-phase LC filter installed at the point of coupling (sec-

ondary winding of the matching isolation transformer) with 
the following parameters (for a single phase): L0 = 100 µH, 
C0 = 68 µF. The parameters of the passive input filter (L-C) 
were chosen assuming that the THD current and voltage 
coefficients (at the point of the power grid coupling) were 
less than 3% for all the analyzed solutions. Thus, the same 
passive filter was used for different interface configurations. 
The filter costs account for approx. 3% of total interface. 
Thus, the optimization of filter parameters for different 
interface configurations will not practically change the 
costs of interfaces, nor the power losses generated in these 
systems.

●	Capacitive filter at the active rectifier output: CF1 = CF2 =  
= CF = 10 mF;

●	Line-to-line voltage across the secondary winding of the 
matching-isolation transformer provides a required 500 V 
DC in the energy storage supply circuit Uf 0 = 3£285 V for 
the two-level and mixed configuration and Uf0 = 3£600 V 
for the three-level configuration. The voltages selected were 

based on the 500 VDC voltage required at the energy stor-
age terminals;

●	For all solutions, both with the active rectifier and the step-
down current regulator, dual-transistor modules were used 
(with opposite diodes) with the following parameters: mod-
ule rated current Ic = 1400 A, rated voltage UCES = 1200 V 
type 2MBI1400VXB-120E-50 with low power losses rec-
ommended by Fuji for use in (200 ÷ 300) kW power sys-
tems [19];

●	An alternative dual-transistor module (type 2MBI900VXA-
120E-50) with the following parameters: Ic = 900 A, 
UCES = 1200 V was used in the topology with a three-level 
DC/DC system;

●	Due to budgetary limitations and to maintain a competitive 
price, the interface included modules with silicon-based 
power electronics components and with the unit price sig-
nificantly lower than for silicon carbide modules intended 
for use in systems with increased switching frequency, 
however, with higher power losses due to dynamic on-state 
resistance, limiting the modulation frequency to approx. 
5 kHz.

●	The use of SIC elements allows, among other things, for 
significant increase in the switching frequency of power 
electronics elements, which results in improved quality of 
voltage and current waveforms of converters. It also allows 
to eliminate the acoustic effects generated in magnetic ele-
ments. However, the high-current SIC devices required in 
the interface are many times more expensive than the cor-
responding silicon components. Using SiC transistors in 
the interface would increase the total cost of semiconductor 
components multiple times.

2.2. Interface simulation test results. Simulation tests were 
carried out at P = 225 kW transmitted power. Figures 1, 4 and 7 

Fig. 1. Circuit configuration with two-level DC-DC converter 
and two-level 3-phase active rectifier

show diagrams of power electronics interfaces with two-level, 
three-level and mixed topology. Figures 2 and 3 show current 
and voltage waveforms for each semiconductor component in 
the two-level configuration. Figures 5 and 6 show the results 
for three-level configuration, and Fig. 8 and 9 show the results 
for mixed topology. Simulation tests were carried out for two 
directions of energy flow within the system.
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Tables 1 and 2 show the analysis results including the cur-
rent and voltage in the semiconductor components of the inter-
face along with power losses [3, 11, 17, 18] in these components 
for the active rectifier and DC-DC converter, respectively. The 
tables also show THDi for the current at the power network 
input and output and THDu for the voltage at the point of cou-
pling with the power network. Average total power losses in 
the power electronics components of the interface for each 

Two-level rectifier
a) �Is – interface input phase current, THDIs = 0.8%, 

Ufo – interface input phase voltage, THDUfo = 2.76%,
b) �I(Tp1) – rectifier transistor current, I(Dp1) – rectifier diode current,

Two-level converter
c) �I(TC1) – converter transistor current, 

I(DC3) – chopper diode current,
d) �I(DC2) – converter diode current.

Fig. 3. Energy flow from the storage reactor to the power network 
in two-level configuration

Three-level rectifier
a) �Is – interface input phase current, THDIs = 1.93%, 

Ufo – interface input phase voltage, THDUfo = 1.18%,
b) �I(Tp2) – rectifier transistor current, I(Dp1) – rectifier diode current,
c) �I(Tp3) – rectifier transistor current, I(Do1) – rectifier zero diode 

current,
Three-level DC-DC converter

d) �I(TC2) – converter transistor current,
e) �I(DT1) – converter zero diode current.

Fig. 5. Energy flow from the power network to the storage reactor 
in three-level topology

Fig. 4. System topology with three-level DC-DC converter and three-
level 3-phase active rectifier

Time (s)

(d)
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Two-level rectifier
a) �Is – interface input phase current, THDIs = 0.5%, 

Ufo – interface input phase voltage, THDUfo = 2.56%,
b) �I(Tp1) – rectifier transistor current, I(Dp1) – rectifier diode current,

Two-level converter
c) �I(TC1) – DC-DC converter transistor current, 

I(TC4) – converter transistor current,
d) �I(DC2) – DC-DC converter diode current.

Fig. 2. Energy flow process from the power network to the storage 
reactor in two-level topology
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Three-level rectifier
a) �Is – interface input phase current, THDIs = 1.35%, 
Ufo – interface input phase voltage, THDUfo = 1.15%,

b) �I(Tp2) – rectifier transistor current, I(Dp1) – rectifier diode current,
c) �I(Tp3) – rectifier transistor current, I(Do1) – rectifier zero diode current,

Two-level DC-DC converter
d) �I(TC1) – converter transistor current, I(TC4) – converter transistor current,
e) �I(DC2) – converter diode current.

Fig. 8. Energy flow from the power network to the storage reactor in 
mixed configuration

Three-level rectifier
a) �Is – interface input phase current, THDIs = 1.77%, 
Ufo – interface input phase voltage, THDUfo = 1.41%,

b) �I(Tp1) – rectifier transistor current, I(Do4) – rectifier zero diode current,
c) �I(Tp2) – rectifier transistor current, I(Tp3) – rectifier transistor current,

Two-level DC-DC converter
d) �I(TC1) – converter transistor current, I(DC3) – converter diode current,
e) �I(DC2) – converter diode current.

Fig. 9. Energy flow diagram from the storage reactor to the power 
network in mixed topology

Time (s)

Time (s)

Three-level rectifier
a) �Is – interface input phase current, THDIs =  2.09%, 
Ufo – interface input phase voltage, THDUfo = 1.29%,

b) �I(Tp1) – rectifier transistor current, I(Do4) – rectifier zero diode current,
c) �I(Tp2) – rectifier transistor current, I(Tp3) – rectifier transistor current,

Three-level DC-DC converter
d) �I(TC1) – converter transistor current, I(DC2) – converter diode current,
e) �I(DT1) – converter zero diode current.

Fig. 6. Energy flow from the storage reactor to the power network  in 
three-level topology
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Fig. 7. Mixed configuration with two-level DC-DC converter and 
three-level 3-phase active rectifier
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solution and total power losses in the semiconductor compo-
nents for each solution are also shown. Total purchase costs 
of the power electronics components of the analyzed systems 
are also shown.

The analysis shows that for three-level topology of the 
active rectifier used in the interface, the transistor and diode 
currents of the power electronics module are approximately 
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half as low as in a two-level configuration. Operating voltages 
of the components are identical for both topologies. As shown 
in Table 1, the transistor-diode modules with Ic = 1400 A and 
standard voltage of 1200 V were suggested for a two-level rec-
tifier allowing for modulation frequency (approx. 5 kHz). The 
same components were suggested for mixed interface topol-
ogy, where the transistor-diode modules of the rectifier are the 
same as for the two-level configuration. Operating voltages 
of the components in this configuration are lower by a factor 
of two. Since the rated voltage UCE of the power transistors 
declared by the manufacturers is no less than 1200 V, reducing 
the operating voltage of the components does not allow to use 
components with a lower declared voltage UCE, and a lower 
unit price. Three-level system configuration reducing the cur-
rent in the semiconductor components of the rectifier by half 
allows to use the power electronics modules with lower cur-
rent Ic = 900 A and voltage UCE = 1200 V, and thus, a slightly 
lower unit price. The economic impact in this case is minor 
(Table 1).

In relation to a DC-DC converter operating with supercon-
ducting magnetic energy storage, instantaneous current and 
voltage of the transistor-diode modules are not affected by the 
interface configuration and amount to 500 A and 500 V, respec-
tively. In a three-level configuration of the DC/DC converter, 
the average current of the transistor-diode module is reduced 
by a factor of two. Both in two-level and mixed interface topol-
ogy, the transistor-diode modules with parameters identical as 
those used in the rectifier, i.e. Ic = 1400 A, UCE = 1200 V, were 
used. In a configuration with a three-level DC-DC converter, 
analyses for a system using the transistor modules with current 
Ic = 900 A and voltage UCE = 1200 V and a lower unit price 
(Table 1 and 2) were also carried out. A comparative study 
of the power electronics system solutions used as interface 
between the power network and superconducting magnetic 
energy storage was based on the following criteria (discussed 
in chapter 1):

a)	Higher harmonics for current THDi and voltage THDu de-
termined at the point of coupling between interface and 
the power network or the secondary winding of the match-
ing-isolation transformer;

b)	Power losses in the power electronics components of the 
system;

c)	Total price of the power electronics components used in the 
interface topologies discussed.

Note a) Table 1 shows THDi and THDu ratios. For all three con-
figurations, a filter, limiting higher harmonics in both the input 
and output current and voltage at the secondary winding of the 
matching-isolation transformer with the following parameters: 
L0 = 100 µH, C0 = 68 µF, was used at the active rectifier input. 
THDi and THDu for two-level configuration with the filter, for 
energy flow from the power network are 0.5% and 2.56%, and 
in the opposite direction – 0.8% and 2.76%, respectively. Cor-
responding values for a three-level system are THDi = 1.93% 
and 2.09%, and THDu = 1.18% and 1.29%, and for mixed 
interface: THDi = 1.35% and 1.77% and THDu = 1.15% and 
1.41%. Both for the two-level, three-level and mixed configu-

ration, THDu and THDi are lower than assumed by 3%, which 
means relatively low current and voltage distortions at the input 
and output of the power network.

Note b) Table 1 shows the calculation results for power losses 
generated by the semiconductor components of the rectifier. 
Table 2 shows power losses generated by the semiconductor 
devices of the DC/DC converter.

The power losses in a two-level active rectifier (two-level 
interface) for energy flow from the power network to energy 
storage is 3546 W, and from energy storage to the power net-
work is 2610 W. Corresponding values for a three-level rec-
tifier (three-level interface) are 2178 W and 1896 W, respec-
tively. The total power losses in the two-level configuration 
are approximately 30% ÷ 40% higher than in the three-level 
rectifier. The highest power losses were observed in the semi-
conductor components of a three-level rectifier used with a two-
level DC-DC converter, i.e. 4608 W and 3354 W, respectively.

The situation is different for power electronic components 
of a DC-DC converter. The values for three-level configuration 
are 3708 W and 3472 W, respectively, and the corresponding 
values for two-level configuration are approximately half as 
low, i.e. 1841 W and 1881 W, respectively (similar to the power 
losses in mixed interface.) The power losses are even higher 
in a three-level converter with modules characterized by lower 
current-carrying capacity, thus less expensive; they amount to 
4298 W and 3986 W, respectively. Based on the analysis, the 
power losses in a two-level DC-DC converter are lower by 
a factor of two than in three-level configuration with identical 
current and voltage parameters at the system output.

The total power losses in an AC-DC converter and DC-DC 
converter for all discussed topologies differ by no more than 
17%. For example: 5837 W (two-level configuration) to 
6384 W (mixed configuration) – energy flow from the power 
network to energy storage and 4491 W to 5234 W (energy flow 
from energy storage to the power network).

Note c) Table 2 shows the costs of power electronics compo-
nents for all discussed interface topologies. The lowest cost is 
for the power electronics components used in a system with 
two-level topology at PLN 11 250. The cost of power electron-
ics components for three-level topology is PLN 33 750, i.e. 
three times higher. The cost is slightly lower (by approx. 8%), 
at PLN 31 350 for the semiconductor components with lower 
current-carrying capacity, yet still meeting the 250 kW power 
flow requirements. However, the cost of power electronics com-
ponents in this solution is 2.8 times higher than for the two-level 
configuration. The mixed configuration requires lower invest-
ments at PLN 24 750, however, the amount is still 2.2 times 
higher than for the two-level configuration.

An interface with relevant parameters in a two-level con-
figuration was built at the Electrotechnical Institute at a cost 
of around PLN 100 000. Taking account of the higher costs of 
semiconductor devices for the three-level solution, the expen-
ditures for implementation of such interface can be estimated 
at about PLN 120 000, and for a mixed solution at about 
PLN 110 000.
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3.	 Summary

The article presents the analysis of simulation test results for the 
power electronics used as interface between superconducting 
magnetic energy storage (SMES) and the power network with 
two-way electrical energy flow. The characteristic features of 
the interface due to the parameters of energy storage include 
a relatively high power (250 kW) and low operating voltage of 
the interface determined by the energy storage supply voltage 
(500 V DC). The study determined the current-voltage param-
eters of the device components, including semiconductor com-
ponents. Analyses were carried out for three configurations of 
the power electronics system: two-level and three-level AC-DC 
and DC-DC converters and mixed topology: three-level AC-DC 
converter and two-level DC-DC converter. The tests were car-
ried out assuming that the other system components, including 
the matching-isolation transformer power and the ripple filter 
at the active rectifier input, will maintain their parameters, irre-
spective of the system topology.

● Comparative analysis of the discussed solutions in accor-
dance with the criteria used in the three-level system yielded 
THDu lower by a factor of two, however, the calculated 
value of the same parameter for a two-level system was 
lower than the assumed value by 3%. THDi for systems 
with an LC filter installed was significantly lower in a two-
level system. For both configurations, THDi was lower by 
3%. Similar relationships between those parameters were 
observed for the mixed interface configuration.

Figure 10 shows THDi values for three configurations, 
where A is the two-level configuration, B is the three-level con-
figuration and C is the mixed configuration. Index 1 indicates 
charging of the energy storage reactor and index 2 indicates 
discharging of the reactor (the energy is returned to the power 
network). Figure 11 shows the comparison of THDu for the 
discussed configurations.

● As regards the power loss criterion, the lowest value 
was observed for the two-level configuration with the value 

being (10–15)% higher for the three-level and mixed con-
figurations.

Figure 12 shows the comparison of total power losses in the 
semiconductor components of active rectifiers. Figure 13 shows 
the comparison of power losses in the semiconductor compo-
nents of the DC-DC converters. Figure 14 shows the compar-
ison of total power losses in the semiconductor components Fig. 10. Total harmonic distortion – current THDi

Fig. 11. Total harmonic distortion – voltage THDu

Fig. 12. Power losses in the active rectifier

Fig. 13. Power losses in the DC-DC converter
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of three interface configurations. Letter and index designations 
indicate the same components in Fig. 10 and 11.

● As regards the cost of the power electronics components 
required for each configuration, the lowest costs are required 
to purchase the transistor-diode modules for two-level inter-
face. Three-level interface requires three times as many 
transistor-diode modules, and thus the cost is three times 
as high. The cost can be reduced by approx. 10% by using 
compatible components with lower current-carrying capac-
ity. For mixed configuration, the cost of power electron-
ics components will be 2.2 times higher than for two-level 
configuration. Any increase in the cost of power electronics 
components will also increase the total cost of interface. The 
cost of three-level topology is further increased due to more 
complex design and advanced control system. To summarize 
the above, use of multi-level configuration of an AC-DC 
and DC-DC converter (as is the trend now) in a high-power 
low-voltage power electronics system is not viable from 
a technical and economic perspective. The required level 
of higher current and voltage harmonics introduced to the 
power network can be achieved with LC filters, already 

used in the active rectifier. A decrease in the transistor-diode 
module voltage by a factor of two in the mixed configu-
ration of the interface will not have any impact from an 
economic point of view, since components with the current 
of approximately 1000 A are available for UCE voltages of at 
least 1200 V. Also, use of components in three-level config-
uration with lower rated current and unit price compared to 
two-level configuration will not compensate for the increase 
in overall costs of purchase of components due to the higher 
number of components required in three-level configuration.

Figure 15 shows the comparison of total cost of purchase 
of semiconductor components and control systems for three 
interface configurations.

The results of the study showed that using three-level topol-
ogy instead of the two-level one in the interface operating at 
low voltage (500 V DC), as determined by the requirements 
of the SMES, did not yield any improvement of the technical 
properties of the interface, and significantly increased the cost 
of the components.
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