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Abstract – In this paper, the topology of power electronic transformer based on modular multilevel converter (MMC) 
structure was studied firstly. And a new topology was proposed that combines the power electronic transformer with 
energy storage system. Then, the control strategy of power electronic transformer was introduced. Finally, the 
simulation model of power electronic transformer based on MMC structure was built in PSCAD simulation 
environment. The simulation results showed that the power electronic transformer is able to ensure the voltage and 
current waveform of the input and output side in sinusoidal, resist load disturbance, isolate fault and isolate 
harmonic propagation. In addition, the battery model was also studied in PSCAD simulation environment, followed 
with the analysis of the influence of battery energy storage on load. The power electronic transformer topology with 
energy storage system proposed in this paper can guarantee both the quality and the reliability of power supply. 
 
Keywords – energy storage system, MMC, power electronic transformer, simulation analysis, topology. 
 

11. INTRODUCTION 

The construction of smart grid plays an important role in 
the reorganization of energy structure and improvement 
of the environment. The study on highly-intelligent 
electrical equipment could significantly advance the 
construction of smart grid. The development of smart 
grid has also introduced the power electronic 
transformer (PET) that not only possesses the functions 
of the traditional transformer, but also adopts proper 
control strategies to ensure the primary and secondary 
voltage and current waveforms in sinusoidal. Meanwhile, 
the presence of PET DC bus brings convenience to the 
access of distributive energy. 

PET meets the need of smart grid's future 
development and the analysis of the PET's 
characteristics of PET facilitates a better application of 
PET. Literature [2] pointed out that AC/AC topologies 
have low PET controllability and small application value. 
The existing studies mainly focus on AC/DC/AC PET. 
Literature [3], [4] studied the cascaded H-bridge PET 
topology, but the topology required more high-
frequency transformers and power electronic devices 
compared to the MMC structure, appearing to be not 
cost-effective enough. Literature [5] proposed the new 
PET topology based on MMC structure and verified the 
proposed topology and the feasibility of the control 
strategy; Literature [6] studied the PET topology of the 
MMC structure and verified the functions of PET 
transforming and power quality regulation; Literature [7] 
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proposed an internal model control method for MMC-
structured PET, and simulated the anti-load disturbance 
capability of PET. However, none of the above studies 
dived into the isolated fault and harmonic wave 
propagation function of MMC-structured PET. Besides, 
when PET is used as a distribution transformer, its area 
often carries a load that requires high reliability of 
power supply. Therefore, it is often necessary to 
configure the energy storage. The above literatures 
didn't consider the combination of PET and energy 
storage technology in the study of MMC-structured PET. 
So far, there have been few literatures engaging the 
combination of PET and energy storage. Literatures [8] 
and [9] studied the PET with the energy storage system 
and the energy storage module adopted supercapacitor 
energy storage that cost huge and now could only be 
applied to a small range as more time is needed before 
wider application. 

Firstly, the paper first introduced the PET topology 
based on MMC structure, according to which, a 
topological structure combining lithium battery energy 
storage with PET was proposed. Then the control 
strategies adopted at all levels of PET were elaborated. 
In the PSCAD simulation environment, it was verified 
that the MMC-based PET could ensure the voltage and 
current waveform at the input and output sides in 
sinusoidal, resist load disturbance, isolate fault and 
isolate harmonic propagation. In addition, the lithium 
battery was modelled in the PSCAD environment, and 
the impact of the lithium battery on the load power 
supply was also studied. The MMC-based PET 
combined with the energy storage can guarantee both 
the quality and reliability of power supply, which is of 
noticeable research significance. 

2. TOPOLOGY 

What this paper studied is a new type of MMC-
structure-based PET topology that has combined the 
existing PET topology and the energy storage 
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technology to be applied to the medium and high voltage 
distribution network, as shown in Figure 1. The 
combination of energy storage system and PET could 
ensure the sufficient power supply of the load when the 
input stage voltage interrupts or drops deep [8], [9]. 
Different from the supercapacitor energy storage 
proposed in Literature [8], [9], the energy storage device 
used in this paper is lithium battery energy storage. 
Except for the advantages of large capacity, high energy 
density, high energy conversion efficiency and long life, 
the technology of lithium battery has been also 
developed mature enough [10], and the MW-level 

demonstration projects could be found both at home and 
abroad. Literature [11] mentioned the comprehensive 
functions of PET to realize the demand-based electricity 
supply by integrating PET into new energy generation, 
energy storage system, electric vehicle and load. In the 
overall application of PET, the choice of energy storage 
device has become particularly important. The lithium 
battery energy storage is able to help grid to stabilize the 
fluctuation and smoothen the new energy power output, 
indicating a broad application prospect in the field of 
smart grid. 

 

 
Fig. 1. MMC-structure-based PET topology. 

 

 
Fig. 2. MMC equivalent circuit diagram. 
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3. PET MATHEMATICAL MODEL AND 
CONTROL STRATEGY 

3.1 High Voltage Input 

3.1.1  MMC Mathematical Model 

Figure 2 shows MMC equivalent circuit. The MMC 
mathematic model will be analyzed according to Figure 
2. 
 As shown in Figure 2, KVL yields: 

1 1 1 ( )
2 2 2
1 1 1 ( )
2 2 2
1 1 1 ( )
2 2 2

ca dc pa na dc na pa
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= − = − = −  

(1) 

where uca, ucb, ucc represents the voltage to the ground at 
the points of A, B and C, respectively; upi, uni (i=a, b, c) 
represents the upper arm voltage and lower arm voltage; 
udc represents the voltage at the high-voltage DC side. 
 Therefore, 

a
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di
L Ri u u

dt
di

L Ri u u
dt
di

L Ri u u
dt
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 In the equations, ia, ib and ic represents the three-
phase current at the high-voltage AC side; usa, usb and usc 
represents the three-phase voltage at the high-voltage 

side. L is the MMC equivalent joint inductance and L0 is 

the MMC arm reactor inductance with 00.5L L= ; R is 

the MMC arm equivalent resistance with 00.5R R=  
 After dq transformation, the above equation turns 
into: 

sd sd sd cd

sq sq sq cq

d 1 1 1
d

i i u uR L
i i u uL Rt L L L

ω
ω

−        
= + −        

        
 (3) 

where, isd, isq, usd, usq, ucd and ucq represent the MMC 
AC-side current, system voltage and the components of 
MMC AC-side equivalent output voltage at axis d and 
axis q. 

3.1.1  Input Control Strategy 

PET input is directly connected to the distribution 
network and its major function is to realize the the 
flexible control of the network power factor, the 
sinusoidal three-phase AC input current and constant 
DC voltage output at the high-voltage side. The high-
voltage AC side adopts the voltage current double 
closed-loop control. Besides, to reduce the interaction of 
current at axis d and q in the dynamic process, the step 
of feed forward decoupling is introduced. Based on the 
analysis above, the input control is shown in Figure 3. 
 Each submodule of the MMC contains a capacitor, 
and it is also necessary to consider the balance of the 
capacitor voltages among the submodules with the 
adoption of the sequence-based MMC submodule 
average voltage control. The exact implementation was 
demonstrated in the Literature [13]. 

 

 
Fig. 3. PET input control. 

 

3.2 Intermediate Isolation 

The isolation level adopts the open-loop control and the 
control process is as follows: the DC signal output from 
the input step is modulated into high-frequency signal 
through the original H-bridge and the high-frequency 
signal is coupled to the secondary by a high-frequency 

transformer and sent another group of H-bridge 
convertor, turning the high-frequency signal into DC 
signal. The control signal of the two H-bridges in this 
control strategy are the same. This method could easily 
control the system and the synchronization could be also 
easily realized. 
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3.3 Low Voltage Output 

The low-voltage output consists of a DC/AC inverter 
and an LC filter branch. Its major function is to provide 
the expected voltage waveform to the load, to ensure the 
normal load power supply. In the occasions with low 
requirements for system performance, usually the single 

voltage closed-loop control system can be used [14]. 
Similar to the input stage, the output stage in the paper 
chooses the double closed-loop control strategy of 
voltage and current to realize a better controlling 
performance. The controlling process is shown in Figure 
4. 

 

 
Fig. 4. PET output control. 

 

  
Fig. 5. Battery charging and discharging waveform of voltage and SOC. 

 

3.4  Energy Storage Module 

3.4.1  Simulation Model Study 

The lithium battery PSCAD simulation model in the 
paper was based on the compound experience formula 
mode that is: 

 
(4) 

where E0 is the electromotive force of the battery when 
SOC is 100%; R is the battery resistance; Ibat is the 
current of real-time charging and discharging of battery; 
k1, k2. k3 and k4 are the modification factors.  
 In the simulation model, the battery is simplified as 
a series connection of a resistor and the controlled 
voltage source. In the simulation analysis of the model, 

E0 is set to be 1.4V and the internal resistance R is 
0.1Ω. The simulated charging and discharging waves of 
the battery is shown in Figure 5. Figure 5a) shows the 
voltage waveform of the battery. The abscissa is the 
time in s and the ordinate is the battery voltage (V); 
Figure 5b) shows the curve of the battery's state of 
charge (SOC). The abscissa is the time in unit s and the 
ordinate is the battery's state of charge. It can be seen 
that the curve of the battery-end voltage during 
discharge matches the trend and shape of the actual 
curve in Literature 0, indicating the correctness of the 
model. 

3.4.2  The Influence of Lithium Battery’s Energy 
Storage on the Load Power Supply 

After the energy storage system is incorporated into 
PET, if the grid side fails, the normal power supply of 

http://www.rericjournal.ait.ac.th/


Tang Y., et al. / International Energy Journal 18 (2018) Special Issue 1A, 129 – 136   

 

©2018. Published by RERIC in International Energy Journal (IEJ), Selection and/or peer-reviewed under the responsibility of the Organizers of the “International 
Conference on Energy Engineering and Environmental Engineering 2017 (ICEEEE 2017)” and the Guest Editors: Dr. Guazhong Zheng, Dr. Tielu Jiang (North 
China Electric Power University, Baoding, China) and Prof. Dr. Muhammad Aqeel Ashraf (China University of Geosciences, Wuhan, China). 

www.rericjournal.ait.ac.th  
 

133 

the load in the subsequent stage could be still 
guaranteed. This has been described in the Literature 
[9]-[11] that needs no further explanation. Considering 
the state of charge (SOC) of the lithium battery, the 
length of power supply by lithium battery is also one of 
the factors to be highlighted. The length of the discharge 
time is directly related to whether the energy storage 
system can ensure the reliability of the load during the 
grid fault. Lithium battery discharge time is related to 
battery capacity, discharge current, temperature, battery 
resistance and many other factors. The paper mainly 
discussed the influence of battery capacity on the battery 
discharge time. In Figure 10, when the battery capacity 
is rated capacity, the discharge time is about 170s. When 
the battery capacity is reduced to 80%, as shown in 
Figure 6 (the abscissa represents time in unit s, and the 
ordinate represents the battery state of charge), the 

discharge duration is reduced to about 133s. Therefore, 
when other conditions remain the same, the larger the 
battery capacity, the longer the discharge time. 
 Literature [16] pointed out that the actual battery 
discharge capacity is affected by temperature, discharge 
rate and other factors. Among them, the discharge 
capacity of the lithium battery at a small discharge rate 
is larger than the discharge capacity at a large discharge 
rate. Theoretically, the higher the temperature is, the 
more capacity is discharged. However, long-term 
working of battery in a high-temperature state would 
shorten the battery life. Therefore, in engineering 
applications, it is necessary to fully consider the factors 
such as temperature, discharge rate of lithium battery, 
and failure time, and configure the lithium battery 
capacity according to specific conditions to ensure the 
reliability of the load during grid fault. 

 

 
Fig. 6. Battery capacity becomes 80%. 

 
 

Table 1. The parameters of PET input. 
MMC Each phase leg inductance(mH) 28 
Sub-module capacitance value(μF) 1000 
Sub-module capacitor voltage reference(kV) 2 
The number of upper / lower bridge arm modules per phase in MMC 10 

 
 

Table 2. The parameters of PET isolation. 
High side capacitor value(μF) 650 
DC-DC Converter resonant inductor(μH) 60 
DC-DC Converter resonant capacitor(μF) 11.7 
High frequency transformer rated ratio 2000:750 
Low side capacitor value(μF) 450 
DC/DC Number of converters 10 

 
 

Table 3. The parameters of PET output. 
Filter capacitor(μF) 550 
Filter inductance(mH) 100 
Low side load power(MVA) 0.5 
Load power factor 0.8 
Load Resistance(Ω) 0.23 
Load inductance(mH) 0.55 

 

4.  SIMULATION RESULT AND ANALYSIS 

To verify the proposed topology and the feasibility of 
adopted control strategy, a PET simulation model was 

established in the PSCAD simulation environment for 
analysis and verification. Among them, the rated voltage 
of the grid is 10kV, the rated capacity of the system is 
set to 5MVA, the reference voltage of the high voltage 
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DC side of PET is 20kV, the low voltage DC side 
voltage is 0.75kV and the low voltage output side AC 
voltage is 0.38kV. Specific simulation parameters are 
listed in Table 1 to Table 3. 
 In the simulated waveform given below, the 
abscissa is time in unit s; the ordinate of the voltage 
current wave form is voltage value (kV) and current 
value (kA). 

4.1  Simulation of Steady-State Operation 

Figure 7 shows the steady-state PET simulation results, 
in which the low-voltage output side load power factor 
is 0.8. As can be seen from Figure 7a), the voltage and 
current at the input side can basically maintain the same 
phase. The measured input power factor is close to 1, 
and the control strategy adopted can ensure the unit 
power operation on the input side. At the same time, it 
can be seen from the simulation results in Figure 7b) 
that PET has good output characteristics under steady-
state operation and the total voltage distortion of the 
measured voltage is about 2.8%. Simulation results 
show that the control strategy adopted in steady-state 
operation makes PET have good input and output 
characteristics. 

4.2  Load Input 

Figure 8 shows the simulation results from non-load to 
load of PET. PET is started with no load and the load is 
added when t = 0.6s. It can be seen from Figure 8 that 
the load changes abruptly but there is no obvious change 
in the voltage and current waveforms at the input stage. 
After measurement, the high-voltage side keeps running 
at high power factor. As shown in Figure 8b), the output 
voltage suddenly fluctuates; however, the fluctuation 
time is very short and resumes stable operation after 

about 0.01s. The response speed is obviously faster than 
the result in the Literature [14]. The above results show 
that under sudden load changes, PET can resist load 
disturbances and the dynamic response remains quick 
enough. 

4.3  Fault Operation 

Figure 9 and Figure 10 show the simulation results of 
10kV AC side three-phase voltage and load-side three-
phase voltage when the three-phase grounding fault and 
the single-phase grounding (A-phase grounding) fault 
occurred on the load side. Among them, the fault 
occurred at t = 0.6s and lasted for 0.05s. It can be seen 
from the simulation results in Figure 9 that the three-
phase voltage instantaneously drops to zero when the 
three-phase grounding fault occurs on the load side and 
the voltage returns to normal after about 0.02 seconds 
after the fault is rectified. The three-phase AC voltage of 
the high-voltage side has not changed during the entire 
fault. As can be seen from Figure 10, a single-phase 
grounding fault on the load side has no effect on the grid 
voltage. The results show that PET has the ability to 
isolate fault propagation and prevent the range of faults 
from expanding. 

4.4  Harmonics Simulation 

Figure 11 shows the simulation results of the three-
phase voltage on the 10kV AC side and the three-phase 
voltage on the output side when the load side voltage 
gained three times and five times of harmonics. From 
Figure 11, it can be seen that in the case of harmonics on 
the load side, the voltage still maintains a three-phase 
sinusoidal variation, independent of the load-side 
harmonics. Simulation results show that PET has the 
ability of isolating harmonic propagation. 

 

  
a) simulation of 10kV AC side three-phase voltage and current 

 

  
b) Simulation of low voltage side three-phase voltage and current. 

Fig. 7. Simulation results of steady state operation. 
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a) simulation of 10kV AC side three-phase voltage and current 

 

  
b) Simulation of low voltage side three-phase voltage and current. 

Fig. 8. Influence of load change. 
 
 

   
Fig. 9. Simulation results of three phase grounding fault on load side. 

 
 

  
Fig. 10. Simulation results of single phase grounding fault on load side. 

 
 

  
Fig. 11. Load side voltage adding 3rdand 5th harmonics. 
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Fig. 12. Voltage waveform in load side of input voltage interruption. 

 
4.5  Voltage Interruption 

Figure 12 shows the load side voltage waveform at the 
voltage interruption on the 10kV AC side. The voltage 
interrupt occurred at t=0.5s and lasted for 2s. It can be 
seen from Figure 12 that when the input voltage is 
interrupted, the energy storage system can support the 
load and ensure the normal power supply of the load. 

5.  CONCLUSION 

Power electronic transformer has outstanding 
characteristics, and remains consistent with needs of 
smart grid's future development. It is expected to be 
widely used in the distribution networks. The paper put 
forward the topology combining PET with lithium 
battery energy storage, which ensures both the quality 
and reliability of the load power supply, suggesting a 
high research value. 
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