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Abstract- The power quality (PQ) requirement is 

one of the most important issues for power 

system. The main problems of the power quality 

like voltage sags/swells in low voltage distribution 

systems and on the transmission side due to 

sensitive loads. There are different methods to 

compensation of voltage sag and swell, one of the 

most popular methods of sag and swell 

compensation is a series voltage regulator for a 

distribution transformer which addresses power 

quality issues in the electrical power distribution 

system. The proposed system is comprised of a 

line frequency transformer connected to a power 

electronic converter which is auto-connected on 

the secondary side. This auto-connection is 

facilitated by use of a high-frequency or medium 

frequency transformer. The proposed system has 

a wide range voltage compensation that can 

correct both the sags and swells of the grid 

voltage. A simplified strategy to compensate for 

voltage sags and swells on the grid side, by 

providing continuous ac voltage regulation, is 

discussed. When a voltage sags or swells occur, 

the power electronic converter generates a 

compensating voltage, which is vector-added to 

the grid voltage in order to regulate the output 

voltage supplied to the load. The proposed system 

satisfies needs of smart distribution grids in 

terms of improved availability, equipment 

protection, and resilience. Detailed analysis is 

provided with MATLAB/SIMULINK results in 

order to validate the effectiveness of the proposed 

system. 

 

Index Terms— Distribution transformer, 

phase-shift modulation, ride-through system, 

voltage sag/swell compensation. 

 

I. INTRODUCTION 
 

 Power quality review is a complex subject 

and involves aspects such as power system, 

equipment modeling, power quality event mitigation 

and optimization and data analysis. The basic 

knowledge of the different power system 

disturbances is important in order to determine the 

events and causes of equipment failure as well as to 

apply mitigation measures more effectively. Power 

system disturbances are dominated by voltage 

quality and harmonics. In the past, equipment used 

to control industrial process was mechanical in 

nature, being rather tolerant of voltage disturbances, 

such as voltage sags, spikes, harmonics, etc. Due to 

its structure, the partial power processing capability 

in the PEs module allows for a reduced rating in the 

proposed system. Also, the efficiency can be 

maximized during the bypass mode in the whole 

system. The PEs module generates a compensating 

voltage, which is vector-added to the grid voltage in 

order to regulate the output voltage supplied to the 

load. Moreover, in this paper, the optimized control 

scheme for the proposed system is introduced in 

order to achieve dynamic voltage compensation. In 

terms of power density, the use of a medium 

frequency (MF)/HF transformer reduces volume and 

weight up to 50% and 70%, respectively, compared 

to previous approaches which employ an additional 

LFT and/or require an additional winding on the 

existing 50/60 Hz core. Since the PEs module is 

employed without a bulky energy storage system 

such as electrolytic capacitors, its size and mass can 

be reduced and the reliability also can be increased. 

The major advantages of the proposed system are as 

follows. 

1) The proposed system has a wide range voltage 

compensation that can correct both the sags and 

swells of the grid voltage. 

2) The proposed system can be an easy retro-fit 

solution, without modifying or replacing the existing 

distribution transformers. 

3) The partial power processing capability of the 

PEs allows for the reduced power rating of the 

converter and provides the improved entire 

efficiency for the system. 

4) The proposed approach does not need any bulky 

components such as an LF transformer and/or the 

huge dc-link electrolytic capacitors in the PE 

module, resulting in reduced size and mass. 

5) Under normal operating conditions, the PEs 

module operates in bypass mode, processing no 

power; it processes power only during disturbance 

events, resulting in higher reliability and efficiency. 

6) Under external fault conditions, a bypass switch 

protects the PEs module from over current. 

7) Fast dynamic response is possible. 

 

 

 

II. SYSTEM MODELING 
 

A fundamental component in providing 

reliable electricity to the end-user is the step-down 
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distribution transformer, as shown in Fig. 1. This 

distribution transformer operates at line frequency 

(LF) (50/60 Hz) to step down from medium voltage 

(MV) to low voltage (LV). Even if the conventional 

distribution transformer is relatively inexpensive, 

highly efficient, and reliable, it is not guaranteed to 

protect loads from undesirable events such as 

voltage sags and swells. 

 
Fig.1. Conventional step-down distribution 

transformer in the distribution grid network. 

 

Voltage sags and swells have become one 

of the most critical power quality issues faced by 

many industrial consumers in power distribution 

systems. As the complexity of the electronics 

equipment used in the industrial applications grows, 

the customer loads are becoming more vulnerable to 

voltage disturbances such as sags and swells. 

Voltage sags/swells cost hundreds of millions of 

dollars every year in the United States. The voltage 

sags and swells result in significant economic losses 

in a wide range of industries, including financial 

services, health care, and process manufacturing.  

Consequently, it is suggested to include 

voltage compensation functionality in the 

conventional MV/LV step-down distribution 

transformer in Fig. 1. Voltage sags and swells can be 

described by two essential characteristics: 

magnitude and duration. The survey of power 

quality presents that voltage sags with 40–50% of 

the nominal value and with duration from 2 to 30 

cycles occurred in about 92% of all power system 

events. The power acceptability curves are 

introduced in the bus voltage and duration time 

plane, as shown in Fig. 2. The Information 

Technology Industry Council (ITIC) curve presents 

acceptable voltage range between the upper locus 

(labeled over-voltage condition) and the lower locus 

(labeled under-voltage condition), which is the 

“acceptable power quality” region. Hence, it is 

recommended to consider a deep voltage 

compensator for a wider range of voltage 

compensation over a long steady-state period. 

 
Fig. 2. The ITIC power acceptability curve. 

 

The most common voltage compensator for 

the distribution transformer is the automatic on-load 

tap changers, which are integrated to most 

distribution transformers throughout the distribution 

systems. However, poor dynamics of ac voltage 

compensation, stepwise variation, and a narrow 

range of output regulation are major issues to 

overcome in order to achieve a rapid response to 

voltage sags and swells. Another possible approach 

to mitigate voltage disturbances which can be 

integrated to an existing distribution transformer is 

DySCs. The DySC is based on power electronics 

(PEs), which guarantee good dynamic 

characteristics by utilizing an ac–ac pulse width 

modulation (PWM) converter. DySCs and ride-

through voltage compensators can resolve power 

quality problems on a customer’s distribution line by 

providing voltage dip mitigation at a reduced cost. 

In a PWM ac– ac buck converter with 

autotransformer to process partial load power was 

discussed to compensate for voltage sags. However, 

systems introduced have a limitation; they only 

compensate for voltage sag. Additionally, an often 

encountered approach for sag/swell mitigation is the 

DVR which injects a voltage component in series 

with the load voltage. Also, a voltage compensator 

using direct power conversion without dc-link 

capacitors was proposed. However, these voltage 

compensators require an extra bulky LF transformer 

(LFT) and/or huge energy storage capacitors 

causing challenges in integrating them with the 

existing distribution transformer. 

 
Fig. 3. Configuration of the hybrid distribution 

transformer. 
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A similar concept called the hybrid 

distribution transformer, shown in Fig. 3, has been 

previously introduced to regulate output voltage by 

utilizing fractional rated PEs. Also, a hybrid 

transformer utilizing matrix converter was 

proposed. The concept was proposed more than a 

decade ago. However, this system requires a dc-link 

energy storage system such as the electrolytic 

capacitor. Furthermore, this system requires an 

additional winding to be wound on the core of the 

existing bulky LF distribution transformer. 

Consequently, this approach adds economical and 

mechanical constraints for distribution network 

application because it is required to modify or 

replace the entire bulky size existing distribution 

transformer in order to provide voltage 

compensation functionality in the distribution grid 

network. 

This project introduces a voltage sag and 

swell compensator that can be easily integrated to 

the standard dry-type existing distribution 

transformer without replacing or modifying it. A 

conceptual schematic of the proposed distribution 

transformer is shown in Fig. 4. The proposed system 

is composed of the existing LFT connected to a PEs 

module that is auto connected on the secondary side 

in order to compensate for voltage sags and swells. 

This auto connection enables a shunt input and 

series-output compensator without any capacitive 

energy storage. Hence the proposed system is 

structurally and functionally different from the 

conventional series compensator such as DVR. The 

proposed system utilizes the input voltage Vin in 

order to generate the compensating voltage Vc. This 

is rather considered as a tap changer transformer 

which regulates the load voltage by varying the turns 

ratio of the transformer utilizing source voltage 

instead of using energy storage system in the DVR. 

 
Fig. 4. Conceptual scheme of the proposed 

distribution transformer with power electronics 

module. 

 

Due to its structure, the partial power 

processing capability in the PEs module allows for a 

reduced rating in the proposed system. Also, the 

efficiency can be maximized during the bypass 

mode in the whole system. The PEs module 

generates a compensating voltage, which is vector-

added to the grid voltage in order to regulate the 

output voltage supplied to the load. 

 

A. CONCEPT OF THE PROPOSED 

DISTRIBUTION TRANSFORMER 

The proposed system is composed of two 

parts: an LF transformer and a PE module as seen in 

Fig. 4. The LF transformer represents a dry-type 

existing distribution transformer that steps down 

from MV to LV and this provides galvanic isolation 

between the source voltage and load voltage. The 

existing LF distribution transformer can be 

retrofitted with the PE module, as shown in Fig. 4. 

One secondary side terminal of the LFT is connected 

to an output terminal of the PE module so that the 

load voltage is the sum of the compensating voltage 

of the PE module (Vc ) and the secondary side 

voltage of the standard distribution transformer (Vin 

). The efficiency of the proposed system varies 

based on the amount of bypass power. Thus, the 

efficiency can be maximized during normal 

conditions, or bypass mode. Due to fractional power 

processing of the module, only partial losses of the 

module are reflected in the entire efficiency 

calculation of the proposed system. During normal 

conditions, or bypass mode. Due to fractional power 

processing of the module, only partial losses of the 

module are reflected in the entire efficiency 

calculation of the proposed system. 

 

B. OPERATING PRINCIPAL OF THE POWER 

ELECTRONICS MODULE 

The detailed schematic diagram of the PE 

module for the proposed distribution transformer is 

shown in Fig. 5. The PE module consists of four 

single-phase H-bridge converters, MF/HF 

transformer, output filter, static bypass switches, and 

DSP controller as seen in Fig. 5. Two H-bridge 

converters (M2, M3) connected directly to the 

MF/HF transformer operate at a high switching 

frequency while the other two converters (M1, M4) 

operate at LF. An MF transformer can be employed 

for relatively higher power applications, while an 

HF transformer may be preferred for lower power 

residential-type applications.  

 
Fig. 5. Detailed power electronics module in the 

proposed distribution transformer. 

 

The PE module operates in voltage 

compensation mode or by pass mode. During bypass 

mode, the grid-side voltage (Vin) is directly 
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connected to the load-side by closing a bypass 

switchQ2 and opening a bypass switch Q1. When 

voltage sags and swells occur on the grid-side, the 

bypass switch Q2 is opened and Q1 is closed so that 

the PWM switches are activated to supply the 

required compensating voltage (Vc). Since the 

bypass switch is activated by a voltage magnitude 

detection algorithm, the operating bypass mode and 

compensation mode are determined by voltage 

magnitude changes in the grid. Moreover, turning 

ON switches S3 M4 and S4 M4 in the LF unfolding 

inverter (M4) can be utilized in place of having 

bypass switches Q1 and Q2 during normal 

condition. This reduces switching losses in the entire 

system by avoiding operating static bypass switches 

Q1 and Q2. The secondary side of the MF/HF 

transformer also has a similar HF folding converter 

M3 followed by the LF unfolding inverter as shown 

in Fig. 5. 

 

III. SIMULATION RESULTS 
 

The detailed schematic diagram of the PE 

module for the proposed distribution transformer is 

shown in figure. The PE module consists of four 

single-phase H-bridge converters, MF/HF 

transformer, output filter, static bypass switches, and 

DSP controller as seen in Figure. Two H-bridge 

converters (M2, M3) connected directly to the 

MF/HF transformer operate at a high switching 

frequency while the other two converters (M1, M4) 

operate at LF. An MF transformer can be employed 

for relatively higher power applications, while an 

HF transformer may be preferred for lower power 

residential-type applications. 

 

 
Fig:6(a) 

 

 
Fig:6(b) 

 

 
Fig:6(c) 

 

 
Fig:6(d) 

 

 
Fig:6(e) 
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Fig:6(f) 

 

 
Fig:6(g) 

 

 
Fig:6(h) 

 

 
Fig:6(i) 

 

Fig:6. Ideal operation for phase shift modulation in 

the proposed control scheme at 1:1 turns ratio: (a) 

Source voltage vin with 50% sag, normal and 50% 

swell, (b) compensating reference signal vc,ref , (c) 

duty Dff , (d) phase shift angle Φ, (e) primary 

voltage of the MF/HF transformer vpri , (f) unfolded 

voltage Vunfold , (g) compensating voltage Vc , (h) 

normalized source voltage Vβin , 90° phase delay 

normalized source voltage Vαin , and normalized 

input voltage magnitude Vm , and (i) voltage 

detection signal Sref .       

     

The control scheme for the proposed 

system is introduced in this section. Fig. 6 shows 

operation waveform of the proposed control scheme 

based on the control block diagram. The control 

block diagram includes a load voltage control block 

and a compensating voltage reference generation 

block. When the voltage sag/swell occurs, the 

compensating voltage reference generation block 

generates duty ratio Dff, based on the amount of 

voltage sag/swell. Also, the load voltage control 

block generates duty ratio Dfb, to regulate the 

desired load voltage. The compensating voltage 

reference Vc, ref shown in Fig. 6(b) for voltage sag 

or swell is obtained by subtracting the normalized 

grid voltage signal Vin,norm from the normalized ac 

reference signal Vo,ac ref the unity magnitude 

sinusoidal signal generated by the fundamental 

frequency detection methods. The angle of phase 

delay (φ) in the control scheme is obtained by a 

conversion of the duty ratio radian after adding Dff 

and Dfb as seen in Fig. 6(d). Then, this phase angle 

delay φ is adjusted in order to generate 

compensating voltage Vc as shown in Fig. 6(e)–(g). 

In the compensating voltage sags and swells 

detection block, a voltage magnitude of the input 

voltage Vm is obtained as shown in Fig. 6(h) A 

voltage detection signal Sref for voltage sag or swell 

is determined by subtracting Vm signal from 

normalized dc reference voltage signal Vo, dc ref as 

shown in Fig. 6(i). As shown in Fig. 6(e), the 

primary voltage Vpri is generated HF based on the 

obtained phase shift angle φ from the control 

scheme. Assuming that a 1:1 MF/HF transformer is 

selected, the compensating voltage for 50% sag 

condition can be generated by superimposing the 

maximum phase angle φ which is π in rad on the 

50% sagged LF pulsating voltage as shown in Fig. 

6(e)–(g). For the 50% swell condition, the primary 

voltage has 2π/3 in rad phase delay superimposed on 

an LF swelled pulsating voltage as shown in Fig. 

6(e). The 180° out-of-phase compensating voltage 

Vc is provided by filtering out HF components from 

unfolded voltage as shown in Fig. 6(f) and (g). 

 

IV. CONCLUSION 
 

In this project, a series voltage regulator for 

the distribution transformer to compensate voltage 

sags/swells along with its control scheme was 

introduced. The proposed approach was easily 

integrated into existing conventional distribution 

transformers in order to provide sag or swell 

compensation capability for a distribution grid 
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system. Experimental results demonstrated voltage 

sag and swell compensation without a dc-link and 

associated electrolytic capacitors. Due to partial 

power processing, the PE module had a lower 

voltage rating and, for the same reason, The MF/HF 

transformer had a lower VA rating than the load. 

Therefore, the proposed system is a possible retro-

fit solution for existing distribution transformers to 

improve power quality in the future grid, especially 

in the face of the proliferation of renewable and 

distributed generation. 
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