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Abstract- This paper presents a unidirectional three-stage power 

electronic transformer (PET) for interfacing the low voltage (LV) 

and medium voltage (MV) distribution networks. The input stage 

of the PET system converts the incoming medium voltage to DC 

voltage. The second stage is the isolation stage which consist of a 

converter and rectifier that are connected to the primary and 

secondary side of the transformer respectively while the output 

stage is made up of a 2-level 3-phase inverter which connects the 

LV distribution network.   

A 500 KVA, 11 / 0.415 kV PET system is simulated with a 38-bus 

distribution network in Simulink and the performance of the PET 

device was evaluated under fault, load variation and unbalance 

voltage conditions. The simulation results show the potency of the 

PET device for power quality improvement in distribution 

network.  

 

Index Terms- Unidirectional power electronic transformer, Power 

quality, Distribution network, Power Electronic Converter 

I. INTRODUCTION 

n recent years, the liberalization of energy markets, rising 

energy demand, and environmental concerns have increased the 

integration of photovoltaic (PV) system into the distribution 

network [1]–[5]. Dual power flow, sufficient energy storage 

capacity, and advanced grid integration technologies are some of 

the potentials of PV system for future smart grid architecture [6]. 

However, power quality problems may arise due to the high 

penetration of PV system into the distribution systems [7]–[12].  

Furthermore, sudden connection and disconnection of RES may 

become a challenge to the distribution networks. Power electronic 

transformer (PET) has been identified as an emerging technology 

to overcome these challenges and also, to achieve the benefits 

associated with the integration of renewable energy technologies 

in the future smart grid [13]–[21].  PET is a power conversion 

device that performs voltage transformation using power 

electronic converters installed on both side of the transformer.  

PET enhances the reliability and efficiency of power system 

networks through quick response to power quality issues, fault 

isolation, and integration of renewable energy technologies [22]–

[26].  A 15 kV 1.2 MVA single phase used for railway systems, 

and 300 kVA UNIFLEX for power management are some of the 

prototypes designed by researchers [45-48]. Other works done by 

researchers are presented in [19], [27]–[37].  PET application 

includes; generation source and distribution grid interface, 

interconnecting two distribution grid, and connection between 

distribution network and loads.  However, this paper introduces 

three-stage PET for interfacing MV and LV grid with loads.  

The aim of the paper is: to design and simulate a three-phase 11-

kV/415-V 500-kVA unidirectional PET device for +interfacing 

the MV and LV distribution network using Simulink, and to 

evaluation it’s performance in the distribution network under fault 

and various power quality issues.   

 

II. MATERIALS AND METHOD 

A.  Materials used for the Analysis 

The distribution system used for the analysis comprises of 38 

buses, 37 branches and 36 loads distributed across the network as 

shown in Fig 1. The network comprises of four zones. Zone A is 

the MV distribution section which is made up of 11kV buses while 

zone B, C, and D are LV distribution lines connecting the MV 

distribution section via the 11/0.415kV, 500kVA PET, and the 

one-line diagram as shown in Fig 1. All lines in the distribution 

network have the same values of resistance (R = 0.01273 Ω) and 

reactance (L= 0.9337 mH). The distribution network and power 

electronic transformers (PETs) are model in Simulink. The 

parameters of the power electronic transformer used in the 

simulation are listed in Table 1 while the load parameters are given 

in the Appendix 
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Table 1: Power electronic transformer parameters 

Three Stage Power Converters 

Parameters 

Values 

Transformer rate power 500 kVA 

Grid voltage  11 kV 

Capacitance (Cdc1) (DC-link) 1500000 mF 

Capacitance (Cdc2) (DC-link) 1500000 mF 

Grid frequency 50 Hz 

Filter resistance (Primary side) 5 Ω 

Filter inductance (Primary side) 624 mH 

Filter capacitance (Primary side) 20 µF 

Capacitance (Cdc3) (DC-link) 7500 µF 

Capacitance (Cdc4) (DC-link) 7500 µF 

Arm resistance  0.5 Ω 

Arm inductance  550 mH 

Damping resistance (Secondary side) 0.2 Ω 

Filter inductance (Secondary side) 1 mH 

Filter capacitance (Secondary side) 470 µf 

Transformer operation frequency 2 kHz 

 

 

Fig. 1 One-line Network diagram under investigation  

B. Methodology 

The three-phases 11 / 0.415 kV, 500 kVA unidirectional PET 

consist of three stages. The input, output and the isolation stages 

are shown in Fig 2.  PET is made up of 3-phase, 3-level rectifier 

which converts the AC voltage to DC voltage and back to AC 

voltage. The input part of the isolation stage consists of a 3-phase 

inverter (DC-AC) which is connected to the primary side of the 

transformer while the secondary side is connected to a 3-phase 

rectifier (AC-DC). The input part of the isolation stage converts 

the DC voltage into a high-frequency PWM signal which is then 

converted to DC voltage by the rectifier. The 3 -levels converter 

at the input and middle stage reduces the semiconductor device 

stress ratio and enhance the performance of the distribution 

network. The output stage consists of a 2-level 3-phase inverter 

that connects the LV side. The use of a 2-level inverter is due to 

the fact that it is cheaper, simple and can be connected directly to 

a 0.415 kV distribution feeder and load. The three stages of the 

PET structure and the control schemes are discussed in the 

subsection below.   

 
Fig .2. Schematic configuration of three-stage power electronic 

transformer 

 

B.1 PET Input Stage Mathematical Model 

 

The input stage is made up of a 3-level, 3-phase rectifier which 

convert the incoming medium voltage to DC voltage.  The input 

stage is connected to a MV distribution network via a damped LC 

filter. The MV side dc-link closed-loop control system allows the 

reactive power adjustment and stabilized the LV side dc-link 

voltage. The rectifier control determines the input current, power 

factor, and maintain a constant DC-link reference voltage. A 

rotating d-q reference frame is used to develop the control system 

[38]–[41]. The three phases PWM converter with the control 

configuration is shown in Fig 3.   

Equation 1 and 2 represent the input stage mathematical model in 

the d-q reference frame. 

 

𝐿𝐸1
𝜕𝑖𝐸1𝑑

𝜕𝑡
= 𝜔𝐿𝐸1𝑖𝐸1𝑞 + 𝑉1𝑑 − 𝑉𝐸1𝑑   (1) 

𝐿𝐸1
𝜕𝑖𝐸1𝑞

𝜕𝑡
= 𝜔𝐿𝐸1𝑖𝐸1𝑑 + 𝑉1𝑞 − 𝑉𝐸1𝑞   (2) 

where  𝐿𝐸1 is the interface inductances, 𝑖𝐸1  is the line current 

[𝑖𝐸𝑎, 𝑖𝐸1𝑏, 𝑖𝐸1𝑐 ] is the primary side line current vectors, 𝑉𝐸1 =
[𝑉𝐸1𝑎, 𝑉𝐸1𝑏, 𝑉𝐸1𝑐] is the primary side voltage vectors, 𝑉1 =
[𝑉1𝑎, 𝑉1𝑏, 𝑉1𝑐] is the grid side input voltage,  and  𝜔 is the angular 

frequency.  

 Equation 3 and 4 represent the close loop control model and the 

rectifier output voltage in the d-q reference frame. 

 

𝑉𝑑
∗ =  − (𝐾𝑖𝑝 +

𝐾𝑖1

𝑆
) (𝑖𝑑

∗ − 𝑖𝑠𝑑) + 𝜔𝐿𝑖𝑠𝑞 + 𝑉𝑠𝑑             (3) 

𝑉𝑞
∗ = − (𝐾𝑖𝑝 +

𝐾𝑖1

𝑆
) (𝑖𝑞

∗ − 𝑖𝑠𝑞) − 𝜔𝐿𝑖𝑠𝑑 + 𝑉𝑠𝑞    (4) 

 

where  𝐾𝑖𝑝  and 𝐾𝑖1 are the control coefficient.  The output voltage 

of the rectifier is compared with the reference voltage and the error 

is used to generate 𝑖𝑑
∗  through the proportional-integral (PI) 

controller while 𝑖𝑞
∗  which is the reactive current reference is set at 
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zero, causing the grid side to have a unity power factor. The input 

currents are transformed into the dq reference component (𝑖𝑑  and 

𝑖𝑞  ) in the inner current loop and it is compared with 𝑖𝑑
∗  and  𝑖𝑞

∗  

and the error is formulated to wave signal by the PI controller [42]. 

 

 
Fig. 3.  Input stage configuration with the control scheme 

 

B.2.  PET Isolated Stage   

 

The isolation stage consists of three major parts; dc-ac converter 

which is directly connected to the primary side of the high 

frequency transformer (HFT). The second part is the HFT 

connected in delta-delta configuration. Aside from the size 

reduction, HFT provides electric isolation between the MV and 

LV sides of the transformer.  The third part is the AC-DC 

converter which converts the AC voltage from the secondary side 

of HFT to dc voltage and provides the required DC link voltage 

for the output stage of the transformer. The active power flow 

depends on the phase shift ratio between the primary and the 

secondary voltage of the HFT. Fig 4 shows the isolation stage 

configuration and control scheme. The outer loop regulates the 

capacitor voltage 𝑉𝑑𝑐2 and the inner loop regulates the transformer 

inductance current  𝑖𝑑𝑐2 .The control response of the system is 

accelerated by the combination of the two loops. The average 

power flow through the transformer is given as:  

𝑃𝐴𝑉 =
(

𝑉𝑑𝑐1
𝑀⁄ )∙𝑉𝑑𝑐2 

𝜔∙𝐿
∙ 𝜑 ∙ (1 −

|𝜑|

𝜋
)     (5) 

where; 

M is the transformer ratio, ω is the angular frequency, L is the 

transformer secondary side leakage inductance,  𝑉𝑑𝑐1 and  𝑉𝑑𝑐2 are 

capacitor DC voltages., and φ is the phase shift angle,   

 

Fig 4.  Isolation stage configuration and control 

B.3. PET Output Stage  

The output stage comprises of 2-level 3-phase PWM inverter that 

converts the DC voltage from the isolation stage to AC voltage 

which is then connected to the LV distribution network via a 

damped LCL filter. The output stage maintain a constant voltage 

amplitude during grid perturbation. Fig.5 shows the output 

structure and control principle. 

The equations for the output stage model are given in Eq.6 and 

Eq.7. 

𝐿𝐸2
𝜕𝑖𝐸2𝑑

𝜕𝑡
= 𝜔𝐿𝐸2𝑖𝑒2𝑞 + 𝑉2𝑑 − 𝑉𝐸2𝑑  (6) 

𝐿𝐸2
𝜕𝑖𝐸2𝑞

𝜕𝑡
= −𝜔𝐿𝐸2𝑖𝐸2𝑑 + 𝑉2𝑑 − 𝑉𝐸2𝑞  (7) 

 

 

Figure 5. Output structure and control  

 

 

III. RESULTS AND ANALYSIS

This section shows the impact of the PET device under line to 

ground fault (LG), load variation and an unbalance voltage 

situation.  

A. Performance of PET under Line to Ground (LG) fault 

It is assumed that the LG fault occurs in zone A (MV) and at line 

11 causing voltage swell on the grid.  Fig. 6 and 7 show the 

transformer response to the fault effect on the grid. As depicted in 
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Fig. 6 (a,b), the situation only affects the medium voltage zone, 

and bus 4 and bus 8 that connect zone B and C directly to the 

medium voltage see Fig 6(b) and Fig 7(a). The situation did not 

propagate to the secondary side (output) of PET as can be seen in 

figure 6(c).  Also, the fault did not escalate to other zones on the 

grid, as can be seen in Fig. 7 (b,c).   

Also, it was assumed that the fault occurs at Low voltage 

distribution network line 32 see zone C Fig. 6.  Figs 9 and 10 show 

the response of the transformer to the situation on the grid. 

As shown in Fig. 8 (b and c), only secondary parts (output) of PET 

3 in zone C were affected, and the primary side (Input) of the 

transformer was not affected Fig.8 (a). Fig.9 (a-c) shows that the 

situation did not propagate to other zones on the grid. The analysis 

in Figs. 8 and 9 display the capability of the transformer in 

isolating the input side from the output via the isolation stage and 

thus preventing the propagation of fault across the grid. It is 

assumed that Line to line fault occurred at line 29, on the low 

voltage side (secondary side) of PET 2 in zone D between 0.15 

and 0.25s causing voltage sag. Fig. 10 and 11 show the 

transformer's response to the situation. As depicted in Fig.10 the 

distorted voltages and currents at the low voltage (output) side of 

the transformer did not affect the medium (input) side voltage and 

current. Fig.11 (a, b) shows that the situation did not propagate to 

other zones of the grid which also prove the efficacy of the 

transformer in preventing the situation across the grid. 

 

 

(a)  

 

(b)  

 

(c)  

Fig. 6. Fault at line 11. (a) Voltage and current at bus14, 

(b) PET 1 input voltage and current, (c) PET 1 output 

voltage and current  

 

(a)  

 

(b)  
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(c)   

Fig.7   Fault at line 11.  (a) Voltage and current at Bus 8 PET 3 

PCC, (b) PET 3 Output voltage and current, (c) PET 3 Input 

voltage and current  

 

 
(a)  

 
(b)   

 
(c)  

 

Fig. 8. Fault at line 32.  (a) PET 3 Input voltage and current, (b) 

PET 3 output voltage and current (c) PET3 Load voltage and 

current. 

 
(a)   

 
(b)  
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(c)  

 

Fig.9. Fault at line 32.  (a) PET 1 Input voltage and current, (b) 

PET 1 output voltage and current (c) PET1 Load voltage and 

current. 

 

 
(a)  

 
(b)  

 
(c)  

 

Fig. 10. Fault at line 32.  (a ) PET 2 Input voltage and current, (b) 

PET 2 Output voltage and current (c)  PET2 Load voltage and 

current. 

 
(a)  

 

 
(b)  

Fig. 11. Fault at line 32 (a) PET 1 input voltage and current, (b) 

PET 1 output voltage and current  
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B. Performance of PET under Load Variation 

The simulation results of an increase in the connected load at the 

low voltage side of PET 1 in Zone B by 60% (336KW) are shown 

in Fig. 12, while Fig. 13 shows the simulation results from the 

decrease in the loads in Zone B by 60% (84 kW). As can be seen 

in Fig. 13 (a) the primary side current and voltage maintained the 

same pattern before the occurrence of the load increase see Fig. 9 

(b), while Fig. 13(b, c) shows that the output and load currents 

experience an increase in amplitude compared with the previous 

amplitude without load increase see Fig. 11 (b). Also, Fig.13 (b 

and c), shows that the output and the load current experience 

reduction in amplitude compared to figure 26 (b and c). The 

primary side current and voltage maintained the same pattern 

before the load reduction see Fig. 11 (a) and Fig. 13 (a).  

 

 

(a)  

 

(b)  

 

(c)  

Fig. 13. Load Increase (by 60%) (a) PET 1 input voltage and 

current, (b) PET 1 output voltage and current (c) PET1 Load 

voltage and current. 

 

(a)  

 

(b)  
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(c)  

Fig. 13. Decrease load (by 60%) (a) PET 1 input voltage and 

current, (b) PET 1 output voltage and current (c) PET1 Load 

voltage and current. 

 

C. Performance of PET under voltage unbalance 

The load (LD16) connected to bus 17 at the secondary side of PET 

1 in zone A was subjected to load unbalance by allocating different 

kW of loads to the three phases. The response of the transformer 

to this situation is depicted in Fig. 14.  Fig. 14(b and c) shows that 

the secondary (output) side of the transformer experiences voltage 

and current phase unbalance, while the primary (Input) side 

voltage and current remain constant as depicted in Fig.14 (a). This 

shows that the load unbalances at the secondary side of the PET 

system did not propagate to the primary (input) side. This shows 

the capability of the transformer in preventing the situation across 

the grid with the help of the isolation stage of the transformer. 

 

 

(a)  

 

(b)  

 

(c)  

Fig. 14 Load unbalance (a) PET 1 input voltage and current, (b) 

PET 1 output voltage and current (c) PET1 Load voltage and 

current. 

 

IV. CONCLUSION 

The design analysis and performance evaluation of an 

11/0.415kV, 500 kVA unidirectional power electronic transformer 

in stand-alone and grid-connected modes under various power 

quality issues have been presented in this paper.  The test system 

comprises 38 buses and 37 branches with 36 loads designed and 

simulated in Simulink. The simulation results demonstrated the 

capability of the PET in power quality regulation on the test 

system under investigation. It was observed that the Intermediate 

DC links provide stage decoupling and prevent perturbation from 

propagating from one zone of the grid to another zone. This 

capability was seen in the case of fault isolation and load 

unbalances where the voltage sag and swell were prevented by the 

isolation stage of the transformer from spreading from the low 

voltage side to medium voltage side and from medium voltage side 

to low voltage side of the transformer.   
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APPENDIX 

Load parameters in grid connected mode  
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