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 Abstract--Transformer size can be significantly reduced by 

increasing the operating frequency, which may be achieved by 
means of power electronics converters installed as interfaces to 
the power frequency systems at both transformer sides. In this 
work, a model for a bidirectional high-frequency solid-state 
transformer is presented. Several case studies have been carried 
out to evaluate the behavior of the transformer under different 
operating conditions and test its impact on power quality. The 
results show that the new transformer matches most functions of 
a conventional power transformer, and provides additional 
capabilities for mitigating dynamic power quality problems. 
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I.  INTRODUCTION 

RANSFORMERS are widely used in electric power 
systems to perform primary functions, such as voltage 

transformation and isolation. Since the size of a conventional 
copper-and-iron based transformer is inversely proportional to 
the operating frequency, an increase of this frequency would 
provide a higher utilization of the magnetic core and a 
reduction in transformer size [1]. 

The connection of distributed energy resources (i.e., 
distributed generation, energy storage devices) is raising new 
challenges. For instance, a high penetration of distributed 
generation at a low voltage (LV) distribution grid might force 
a power flow reversion across distribution transformers, so the 
LV distribution system can become a distributed generation 
source for the higher-level medium voltage (MV) grid [2]. 

Although the conventional transformer has been, and still 
is, the traditional link between end-users and the distribution 
network, a high-frequency solid-state transformer is foreseen 
as a fundamental component that might cope with many of the 
challenges of the future smart grid [3]. 

The list of capabilities available to this new type of 
transformer includes voltage sag compensation, instantaneous 
voltage regulation, harmonic compensation, power factor 
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correction, auto-balancing and variable-frequency output [4] – 
[9]. In addition, its control must allow the possibility of having 
bidirectional power flow and achieve the mitigation of faults 
and disturbances coming from both sides. 

A model for a bidirectional distribution electronic power 
transformer (DEPT), implemented in Matlab/Simulink, is 
presented in this paper. The focus is to study its behavior 
under variable operating conditions and disturbances, located 
at both sides of the solid state transformer. 

II.  DESCRIPTION OF THE ELECTRONIC POWER TRANSFORMER 

A.  Description 
The DEPT configuration selected for this study includes 

three parts: a high-voltage stage, an isolation stage, and a low-
voltage stage [10]. Fig. 1 shows a detailed and feasible 
topology for each part of the DEPT. Although the new DEPT 
can manage bidirectional power flow, as a matter of 
explanation, the power is considered flowing from the HV to 
the LV power network. In such case, the input power-
frequency voltage is first converted into dc voltage by the HV-
side three-phase pulse width modulated (PWM) ac/dc 
converter, shown in Fig. 1a, working as rectifier in this case. 
The isolation stage includes the high-frequency transformer, 
and two H-bridge voltage source converters (VSC). The HV-
side converter, shown in Fig. 1b, converts the HV dc voltage 
into a high-frequency square-wave voltage applied to the 
primary of the high-frequency transformer. In the secondary 
side, the transformed high-frequency square-wave signal is 
converted into a LV dc voltage by the LV-side converter. 
Finally, the LV-side three-phase PWM dc/ac converter works 
as inverter and provides the output power-frequency ac 
waveform from the low dc voltage, see Fig. 1c.  

B.  DEPT Model 
• Input Stage - High-voltage Side Front-end Converter: The 

input stage is implemented by means of a three-phase 
PWM converter [11] - [13], without a path for the common 
mode or zero-sequence current. 

• Isolation Stage: The dc voltage coming from the input 
stage is modulated to a high-frequency square wave, 
coupled to the secondary and finally converted back into a 
low dc voltage. A widely accepted dc/dc converter 
topology is the full-bridge circuit operated at constant 
frequency under a pulse width control strategy. This 
topology features minimal voltage and current stresses in 
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a) High-voltage side three-phase converter configuration 

Vdc1

Cdc1

Vdc2

Cdc2

Isolation stage (High frequency transformer)

idc1

LR

idc2

1-HV 2-HV

2-HV 1-HV

1-LV 2-LV

2-LV 1-LV

Vs

+

-
VH-LV

+

-

iL
Vp

+

-

 
b) Isolation stage configuration 
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c) Low-voltage side three-phase converter configuration 

Fig. 1. DEPT implementation. 
 

the devices, minimum VA rating of the high frequency 
transformer, as well as low ripple current levels in the 
output filter capacitor. Soft-switching variations of the full-
bridge converter make possible a reduction in device 
switching losses and an increase in switching frequency 
[14]. Primary and secondary H-bridges work with a high-
frequency square-wave switching strategy. AC square-
wave signals for high- and low-voltage side H-bridges are 
shifted with an angle φ to regulate the amount and direction 

of the active power flow, which is limited mainly by the 
transformer inductance. 

• Output Stage - Low-voltage Side Front-end Converter: 
The configuration of the LV-side three-phase PWM 
converter is similar to that of the HV side converter. The 
LV side converter is connected to load and/or generation 
through an LC filter, and is responsible for controlling the 
voltage in the capacitor filter terminals; i.e., it controls the 
voltage (waveform and value) seen by the load/generation. 



III.  CONTROL STRATEGIES 

Each DEPT stage has its respective independent controller, 
but given that a bidirectional power flow is assumed, there is a 
need to implement an overall control strategy to coordinate the 
three independent controllers. 

A.  Input Stage - High-voltage Side Front-end Converter 
A simple but very effective strategy for PWM rectifiers 

under unbalanced input voltage conditions, the voltage 
oriented control (VOC), has been used here [15] – [17]. 

The control block diagram for the input stage is shown in 
Fig. 2. The selection of parameters is detailed in [16]. This 
scheme ensures constant dc bus voltage, unity power factor 
condition at the input terminal in an average sense, and no 
ripple in the input active power. Voltages and currents are 
expressed in the synchronous rotating dq reference frame. 

A phase-locked loop (PLL) is employed to obtain a noise-
free synchronous grid angle, needed for the dq transformations 
[18], [19]. For conventional control of this rectifier circuit, 
there are an outer dc-link voltage control loop and an inner 
grid current control loop to achieve high dynamic response 
and stability. 

The inner grid current control loop provides fast compen-
sation for input supply disturbances. The reference for the grid 
current loop is given by the output of the outer dc-link voltage 
control loop. All controllers have been implemented by using 
conventional PI regulators. Because of the coupling between 
the d- and q- components of the grid currents, a conventional 
solution of adding two decoupling feed-forward inputs to each 
current control loop has been considered. 

A sequence separation method is applied to grid voltages. 
The negative sequence grid voltages are fed-forwarded and 
generated at the converter terminals. Therefore, no negative 
sequence voltage is seen by the inductive filter and only 
positive sequence currents flow between the grid and the 
converter, even in presence of asymmetrical grid disturbances. 

B.  Isolation Stage 
The control block diagram for the isolation stage is shown 

in Fig. 3. The amount and direction of the active power flow is 
controlled by the phase-shift angle φ between the two ac 
square-wave signals [14]: 
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where P0 is the average power through the transformer, Vdc1, 
Vdc2 are the capacitor dc voltages, m is the high-frequency 
transformer ratio, L is the transformer leakage inductance 
referred to primary side, ϕ is the phase-shift between central 
bridges, and ω = 2πf, being f the switching frequency. 

The dc–dc converter allows power flow to go towards the 
end-user side when voltage Vdc1 leads voltage Vdc2, being ϕ 
denoted as positive. When power flows towards the MV 
distribution network, voltage Vdc2 leads voltage Vdc1, and hence 
ϕ is denoted as negative. The absolute value of this reference 
phase-shift angle ϕ is limited to π/2 regardless of the power 

flow direction. 
In order to control the phase-shift ϕ, it is necessary to 

obtain the output capacitor voltage Vdc2 as a function of the 
power flow through the transformer. The control of this stage 
is divided in an outer loop used to regulate the capacitor 
voltage Vdc2, and an inner loop used to regulate the transformer 
inductance current Idc2. The combination of these two loops 
avoids oscillations and speeds up control response. 

C.  Output Stage - Low-voltage Side Front-end Converter 
This stage consists in a converter whose main task is to 

adapt the output voltage to the needs of end-user applications. 
Three-phase PWM control strategy has been implemented to 
keep the harmonic content above twice the switching 
frequency. A simple passive LC filter is used at the output of 
this stage to smoothen out the high frequency contents of the 
output voltage.  

Fig. 4 shows the complete control scheme for this stage. 
The capacitor voltage has to be controlled by the regulator, 
and it is likely to have unbalanced load/generation currents, 
which causes negative sequence currents and voltages. 
Therefore, dual controllers have been considered for the 
positive and negative sequences. The negative sequence 
capacitor voltage reference is set to zero to cancel any negative 
sequence voltage at the filter capacitor terminals at all time, in 
presence of unbalanced load/generation currents. The positive 
sequence voltage controller regulates the filter capacitor 
voltages.  

IV.  MODEL BENCHMARKING 

A.  Test System 
The test system selected for this work is that obtained when 

joining the three sections depicted in Fig. 1. This simple 
configuration will be used to evaluate the behavior of the 
DEPT under dynamic unbalanced conditions and any 
operation that could cause power flow reversion. 

Table I presents the main parameters for the transformer. 
The rated primary and secondary voltages of the DEPT are 
respectively 25 kV and 400 V. 

Table I - DEPT main parameters. 

Parameter Value 
Input resistance (R1) 0.5 Ω 
Input inductance (L1) 560.2 mH 
DC link capacitance (Cdc1) 5000 µF 
DC link capacitance (Cdc2) 2200 µF 
Output filter resistance (R2) 0.2 Ω 
Output filter inductance (L2) 1 mH 
Output filter capacitance (C2) 470 µF 
Rectifier/Inverter switching frequency 10 kHz 
Transformer operating frequency 1 kHz 
Transformer short-circuit resistance 0.1 Ω 
Transformer leakage inductance 1 mH 
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Fig. 2. DEPT control. Input stage. 
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Fig. 3. DEPT control. Isolation stage. 
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Fig. 4. DEPT control. Output stage.



B.  Case Studies 
Simulation results obtained from three case studies are 

presented below to illustrate the DEPT performance. 
(i) Power flux reversion. A delta-connected current source 

acting as load is fed from the secondary side of the 
DEPT. Between 200 and 300 ms the current source 
phase shift is changed to 180º, the source acts as gener-
ator and the power flow is reversed. 

(ii) Unbalanced voltage sag at the primary side. Between 
200 and 300 ms the HV-side phase A voltage value 
experiments a reduction of 60%. 

(iii) Overcurrent condition at the secondary side. The value 
of the load impedance falls between 200 and 300 ms. 

The plots presented in Figures 5 through 7 illustrate some 
DEPT capabilities. Fig. 5 shows a fast response when active 
power flow is suddenly reversed, passing from a load 
characteristic to a generation characteristic. Fig. 6 shows how 
voltage unbalances in the primary side do not affect to the 
secondary voltages, just providing the required isolation level. 
To avoid damages in the converter, secondary side peak 
current was limited to 200 A by the controller. Fig. 7 shows a 
case in which the overcurrent originated at the secondary side 
causes a secondary voltage drop and consequently a decrease 
of the secondary active power; under these conditions, the 
primary current exhibits an opposite behavior and decreases. 

The global DEPT behavior can be seen from the presented 
plots: it allows bidirectional power flow maintaining voltages 
in each side to their respective stable peak values, and do not 
propagate unbalanced situations appeared in one side to the 
other side (voltages are maintained constant on the other side; 
in addition, unity power factor is maintained at the input, while 
the output has both active and reactive power depending 
totally of the load connected at the secondary side).  

V.  DISCUSSION  

An important activity has been dedicated to date to the 
development of new topologies and control strategies for the 
solid-state transformer [4] - [9], [14]. This work has been 
aimed at studying the behavior of a bidirectional solid-state 
transformer under several dynamic and unbalanced situations. 

Simulation results show that the disturbances affecting 
either the input or the output of the DEPT do not propagate to 
the other side. This uncoupling effect is achieved by the use of 
large capacitances as DC links (Cdc1 and Cdc2). Fast voltage 
regulation, reactive power compensation, or waveform control 
are some of the advanced capabilities that are incorporated 
into the present version. 

This work is part of a research aimed at building a DEPT 
prototype. Since it is currently based on a computer model, 
several refinements and improvements are to be introduced 
before building the prototype. For instance, (i) adding more 
detail on the transformer and converter models (e.g., add 
losses to semiconductor models); (ii) using multilevel 
converters; (iii) considering a four wire configuration (three 
phases plus neutral) at the LV secondary side. 
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Fig. 5. Simulation results: Power flow reversion. 
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