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 Abstract 

The Smart Grid environment gives more benefits for the consumers, whereas the power quality is one 

of the challenging factors in the smart grid environment. To protect the system equipment and increase 

the reliability, different filter technologies are used. Even though, consumers’ expectations towards 

the power quality are not fulfilled. To overcome these drawbacks and enhance the system reliability, 

a new Custom Power Devices (CPD) are introduced in the system. Among different CPDs, the Dy-

namic Voltage Restorer (DVR) is one of the voltage compensating devices that is used to improve the 

power quality during distortions. When the distortions such as voltage swell and sag occur in the dis-

tribution system, the control strategy in the DVR plays a significant role. In this article, the DVR 

performance using Proportional Integral (PI), Proportional Resonant (PR) controllers are analyzed. A 

robust optimization algorithm called Self Balanced Differential Evolution (SBDE) is used to find the 

optimal gain values of the controllers in order to reach the target of global minimum error and obtain 

fast response. Then, a comparative analysis is performed between different controllers and verified 

that the performance of PR controller is superior than the other controllers. It has been found that the 

proposed PR controller strategy reduces the Total Harmonic Distortion (THD)  values for all types of 

faults. The proposed SBDE optimized DVR with PR controller reduces the THD value less than 4% 

under voltage distoration condition. The DVR topology is validated in MATLAB/SIMULINK in order 

to detect the disturbance and inject the voltage to compensate the load voltage.   

Keywords  

Smart Grid 

power quality 

PI and PR controller 

Self Balanced Differential 

Evolution 

Dynamic Voltage Restorer 

Total Harmonic Distortion 

 

DOI: 10.30657/pea.2021.27.3                                                                                                                                                    JEL: L23, M11 

 

 

1. Introduction 

Electric grid is designed for one way communication, and 

limited in choice with few consumers. To overcome the draw-

back of one-way communication, and the issues in the demand 

side, a smart grid is designed and developed.  A smart grid is 

an electric grid that provides information and communication 

technology to collect data and information about the behavior 

of suppliers and consumers in an automated fashion. The basic 

differences between the smart grid over the traditional grid is 

shown in Table 1. Hence, Smart Grid is a generic tag for the 

application of computer, intelligence and networking capabil-

ities to prevailing electricity distribution systems. Customer 

participation and real-time pricing are the characteristics of a 

smart grid. It improves the existing electrical characteristics 

and resources like reliability, efficiency, generation and distri-

bution. The necessity of the smart grid is to increase the effec-

tiveness as well as automatic control towards distribution 

(Janjic et al., 2011). Though there are more challenges in the 

implementation of the smart grid such as capital cost, regula-

tory barriers and resistance to manage the demand, some ben-

efits are also attained such as improvement of power quality, 

good communication and power reliability. Power quality is-

sue is one among the vital aspects in designing the smart grid, 

since it affects the consumer load directly in the power sector. 

The other reason is the introduction of renewable power 

sources. Due to intermittency and variability of the introduc-

tion of renewable power sources, the smart grid creates a great 

impact on voltage variation (Danalakshmi et al., 2020). The 

smart grid comprises of several components, such as  smart 
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meter, phasor measurement unit that helps to give the magni-

tude of the power quantity at the instant of time. Smart meters 

are helping indirectly to manage the voltage and power factor. 

The smart meter is an advanced electric meter that provides 

more information about the power provided for the domestic 

purpose. Other devices, such as transformer are used to step-

up or step-down voltages.  

Table 1. Comparison of the smart grid over the traditional grid 

Sl. 

No. 

Area Traditional grid Smart grid 

1 Communication Half duplex Full duplex 

2 Type Electromechani-

cal 

Digital 

3. Power Centralized Centralized & di-

stributed 

4. Monitoring& 

Controlling 

Manual restora-

tion 

Self-healing 

5. Market Choice of a few 

consumers 

Choice of many 

consumers 

 

Due to different faults at the distribution side, the voltage 

level of the utility system becomes poor. This scenario will 

affect the power quality on the consumer side. The quality of 

power can be enhanced with the help of DVR. DVR uses Sta-

tionary Reference Frame, theory-based controllers, for main-

taining voltage. Stationary Reference Frame control, also 

called as αβ-control that regulates the control signals in sta-

tionary two-phase frame.  In this paper, the analyses of THD 

using PI, PID and PR controllers are also discussed, and the 

effectiveness of PR based DVR controller are highlighted.  

The significant contributions in this research article are listed 

below: 

The contributions of this work are as follows: 

1. The proposed model reduces the distortion in the voltage 

during sag or swell conditions and thereby reduces the 

THD value. 

2. DVR model is analyzed using MATLAB/SIMULINK 

platform for different scenarios 

3. THD values are computed for different scenarios and it is 

found that THD value is less than 5% using proposed 

model. 

4. Different controllers are integrated with DVR model to 

analyse the results in different scenario. 

5. SBDE algorithm is used to tune the optimal gain values 

for the controller to obtain steady state output voltages. 

The controller gain in this proposed method is tuned using 

a robust SBDE algorithm for different operating condi-

tions. Optimal controller gain using meta heuristic tech-

nique is obtained and the dynamic response is verified. 

The control strategy uses the error driven controllers to 

achieve the maintenance of load voltage. 

6. PR based DVR controller is proposed as a compensating 

device in utility system to control the dq- axis series in-

jected voltage of the DVR that subsequently maintain the 

voltage across sensitive load in unclear and unstable con-

ditions.  

In the future, the modern power system should have the PR 

based DVR controller to maintain constant load voltage dur-

ing a fault condition. The fault lines are identified using sensor 

and controlling action are manipulated, and information is 

provided to load controller to inject PR based DVR in the line. 

2. Related work 

The disturbances in power quality affect the performance of 

electrical devices, which may lead to serious damage of the 

electrical devices. Here, the double loop controllers are used 

to detect the disturbance and to mitigate the same. The control 

and grid synchronization techniques along with voltage detec-

tion are used with DVR to provide good quality power under 

disturbance condition. In the paper (Tien et al., 2018), PR and 

sequence-decoupled resonant (SDR) controller are inte-

grated as double loop controller in stationary frame. The vari-

ables used in the model is injection current and voltage in sta-

tionary frame in order to provide the appropriate voltage 

during disturbances. 

In order to regulate the voltage during disturbances, the 

Sliding mode controller (SMC) is used in the DVR model. 

Particle Swarm Optimization (PSO) algorithm is used to find 

the optimal gain values in SMC in order to minimize the Inte-

gral Square Error (ISE). PSO optimized SMC are compared 

with different controllers and found that the THD value in the 

load voltage is less (Jeyaraj et al. 2020). 

A novel under damped adaptive reaching law is used in the 

sliding mode control of DVR. Results have been developed 

with different illustrations under different disturbances. This 

method works well towards mitigating the disturbance, but the 

only drawback in this model is that it is applied to the second 

order non linear system (Pandey et al., 2017).  

Grasshopper Optimization Algorithm(GOA) is used in the 

DVR model in order to tune the parameters of the PID con-

trollers. GOA optimized DVR model is used to mitigate the 

voltage swell and sag in the system and results are compared 

with other optimization algorithms, such as cuckoo search, 

Grey wolf and Flower pollination to achieve minimum error. 

GOA optimized DVR model showed superior performance 

compared with conventional active disturbance rejection con-

troller, which was verified in MATLAB/SIMULINK platform 

(omar et al., 2019). 

Energy storage system integrated with DVR along with 

fuzzy logic controller was used to increase the capability of 

low voltage of the system. Zero active power tracking 

tehnique was used in the DVR model and showed the superior 

results during disturbances compared to other techniques (Yan 

et al., 2019). 

DVR is used to improve the power quality in the sensitive 

load with appropriate control circuit. Voltage source with 3rd 

harmonics and 5th harmonics are introduced through pro-

gramming and applied to the system. DVR based control strat-

egy eliminates the harmonic content in the system and pro-

vides the smooth output across the load. Approximately, the 

THD value is reduced to 4% and also maintains the steady 

state voltage for different scenarios. The authors have sug-

gested using the soft computing techniques in the DVR based 
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control strategy model (Danbumrungtrakul et al. 2017; Zhang 

and Mu, 2019). Table 2 shows the different DVR approaches 

used in the references. 

Table 2. A Comparison of Various DVR based approaches 

Ref 
Control Strategy  

Model 
Applications 

(Tien et 

al., 2018) 

DVR with PR and 

SDR controller are 

integrated as double 

loop controller 

To inject the voltage or 

current inorder to provide 

the appropriate voltage 

(Jeyaraj et 

al., 2020) 

DVR with PSO opti-

mized sliding mode 

controller 

To find the optimal gain 

values to minimize the er-

ror 

(Pandey 

et al., 

2017) 

DVR with adaptive 

reaching law 

To mitigate the voltage 

disturbance 

(Omar et 

al., 2019) 

DVR with GOA 

based PID controller 

To maintain the steady 

state voltage during volt-

age sag and swell condi-

tion 

(Yan et 

al., 2018) 

DVR with Energy 

Storage System 

To resume the low voltage 

ride through for a renewa-

ble energy systems 

(Danbum-

rungtrakul 

et al. 

2017) 

DVR with zero real 

power tracking sys-

tem 

To maintain the steady 

state voltage during volt-

age sag and swell condi-

tion 

(Zhang 

and Mu 

2019) 

DVR 

To eliminate the harmon-

ics in the voltage with re-

duced THD 

3. Types of faults and Customized Electric 

Equipments (CPD) 

The cause of poor power quality mainly depends upon the 

fault in power system equipment and the unexpected load var-

iation. The unexpected load variation can be dealt with alter-

nator, whereas the fault in the power system equipment is an 

unavoidable one. Faults in power system equipment decrease 

the reliability and efficiency of the system. Electrical faults 

generally caused by a failure of consumer equipment such as 

transformers, machines, due to environmental impacts such as 

lightning and others. These faults cause interruption of the 

equipment operation. Fault analysis is required in a power sys-

tem to design the size of the conductors and ratings of the 

equipment. All the equipment should be deliberated in such a 

manner that they can withstand fault current, which usually 

flows in large quantity. The fault current can be found in case 

of balanced/unbalanced faults. The conductors can be de-

signed in such a manner that they can withstand such a colos-

sal current. In the power system, there are two types of faults, 

i.e. symmetrical and unsymmetrical faults. 

The different types of fault and percentage occurrence of 

fault are shown in Table 3. It is found that LG fault is most 

frequently occurring fault, and it plays a major role in THD 

analysis.  

During fault conditions, some fluctuations occur in load 

voltage by which the load voltages do not maintain constant 

values. The voltage fluctuation leads to poor power quality 

which directly affects the consumer loads. To overcome this 

drawback and maintain the constant load voltage under fault 

conditions, an advanced power electronic controller has been 

developed. The evolution of electronic power controllers such 

as CPD and FACTS device are important in maintaining reli-

ability and power quality (Hingorani, 1995). 

Table 3. Different types of fault and their percentage 

S. 

No. 

Type of Fault % occurrence 

of fault 

 

1. 

Symmetrical 

fault 

Line to line to line to 

ground (L-L-L-G) 2 - 5% 

Line to line to line (L-L-L) 

 

2. 

Un-symme-

trical fault 

Line to ground (L-G), 60 - 70% 

Line to line (L-L) 5 - 10% 

Double line to ground (L-

L-G) 
15 - 20 % 

 

The FACTS devices are mainly used to enhance the power 

quality and reliability at the transmission line, whereas CPD 

is used to improve power quality at the consumer side. Several 

methods exists towards enhancing the quality of power which 

are active and passive filters. It consists of inductor and capac-

itor component.  Nevertheless, the stability of the system is 

poor while using the filter circuit. 

CPD are of two types, namely compensating type and net-

work reconfiguring type (Jothibasu and Mishra, 2014). DVR 

comes under the compensating device which is mainly used 

for voltage maintenance. DVR is more imperative in the in-

dustry side to mitigate the voltage correlated issues and protect 

the sensitive loads. 

4. A Modern Electric Transmission and Distri-

bution System 

The modern power system consists of new devices such as 

FACTS and customized electrical equipments at the transmis-

sion and distribution infrastructure (Rauf and Khadkikar, 

2014). Though the advanced controllers are in use, if there is 

no proper information to the modern devices, they do not re-

spond immediately for the dynamic loading condition. Hence, 

it is necessary to deploy smart measuring and monitoring de-

vices with electronic power controllers. In this proposed sys-

tem, it is assumed that the controllers fetch information about 

the power system quantities through the Internet of Things 

(IoT). The IoT consists of various components such as sensors 

and actuators. The sensors, such as voltage sensor and current 

sensors measure the voltage and current quantity. If any ab-

normal conditions occur, the actuator gives a signal to the cus-

tomized electrical equipements through proper computation 

and communication platforms which improve the power qual-

ity issues accordingly. IoT technology is used in several power 

system operations such as smart building, industrial automa-

tion, smart metering, automatic lighting system in public 

places (Dhowmya et al., 2021).  

In the power sector, IoT devices are widely used because of 

the flexibility in usage of the devices. The Modern power sys-

tem can be incorporated with new technologies, i.e. software 
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and hardware which provide the maximum benefits to the con-

sumers. It is roughly divided into three categories which are 

listed below. 

1. Advanced components and equipments. 

2. Communication control and measurements. 

3. Support tools-improved decision. 

Fig. 1(a) shows the modern power system with IoT based 

power system components. The power flow control and pro-

tection from overloads are the significant functions of the 

transmission and distribution of power system. Power elec-

tronic devices are used in both transmission and distribution 

system, but their deployment is limited to particular applica-

tions due to maintenance and relatively expensive. From Fig. 

1(a), it is inferred that customized electric equipment plays a 

vital role in the modern power system. By using sensors, volt-

age is monitored and collected from both the transmission and 

distribution side. The collected data are manipulated, and ap-

propriate controlling actions are taken in the load side. If any 

voltage sag and swell happens in load side, the fluctuations 

will spoil the quality of power in particular affected line. The 

controlling signal is given to the affected region, and the DVR 

is injected in the corresponding line. To improve the power 

quality and system reliability, DVR is connected at load side 

where the distortion arises. At the same instant, the voltage is 

maintained constant by using a DVR. 

4.1. Block Diagram of DVR 

In the load side, the DVR is connected in-series, supplies the 

essential frequency and voltage which is called a static com-

pensator used to balance the voltage distortion. DVR is used 

towards controlling the fault current, harmonics and transi-

ents. Fig. 1(b) represents the various blocks in DVR along 

with the explanation as followed. 

In the proposed method, the controling technique in the in-

jection transformer determines the sample voltage that is to be 

injected. The Injection transformer is used to restrict the dis-

tortion and the energy to be transferred at the secondary side 

(Zhang and Mu, 2019). Between the Voltage Source Con-

verter (VSC) and distribution, the transformer uses the DVR 

to transfer the required voltage. The power circuit of DVR and 

distribution network are connected at High voltage (HV) and 

Low voltage (LV) side respectively. 

 

 
Fig. 1a. Modern power system with IoT based technology by incorporating the CPD 

 

A VSC is a power converter, and it can produce the required 

level of AC voltage (Pandey et al., 2017). The persistence of 

a capacitor is to reduce the harmonic ripple. A harmonic filter 

is used for harmonic reduction. It has a little assessment of 

approximately 2 % of the load power connected to the trans-

former winding. In DVR, VSC provides the necessary utility 

voltage. The positive and negative gate pulse is given to the 

upper and lower switches of the inverter using a PWM control 

technique (Saeed et al., 2014). The voltage generation is con-

trolled by Synchronous Reference Frame (SRF) method. This 

SRF method is excellent, but requires a PLL technique to work 

in an unclear and unstable load environment. The benefit of 

SRF method compared to other control strategies is achieved 

by allowing the transition of space coordinates independent of 

time. This control strategy part is required in order to provide 

smooth controlling action over the voltage signal and thereby 

maintain the stability of the system. The PR controller is im-

plemented in a synchronous d, q reference frame (SRF-PR) 

that has deadbeat response for current reference tracking. It 

ensures decoupling between the d and q axis. It also maintains 

the controller ability of tracking without error in the absence 

of positive sequence current reference of fundamental fre-

quency. Furthermore, the controller ensures the full decou-

pling between the currents of axes d and q (Busada et al., 

2019). 
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The different types of controllers are available such as PI 

and PID controllers. In this work, a PR controller is proposed 

to reduce the THD further, and the results are compared 

with other controllers (Surendran et al., 2014). The control 

technique mainly depends on the load type. Here, the loads are 

very much sensitive to both voltage magnitude and phase an-

gle. The occurance of faults in the system leads to error in the 

voltage phase angle measurement. Phase-Locked Loop (PLL) 

is adopted for tracking voltage sequence. Fig. 1(b) shows the 

block diagram of sytem under study. The capacitor acts as a 

storage unit which is used to give supply to the DVR with the 

required real power. VSC is used for the conversion process 

from DC to AC inorder to inject the transformer with desired 

voltage and frquency. Transformer is used to transform the 

voltage from VSC to distribution side. Filter is used to remove 

the harmonic content of the voltage from VSC. Controllers 

play a major role for controlling the voltage across the load. 

To reduce or remove the error between actual and estimated 

angles, different controllers like PI, PID and PR are used. 

Comprehensive analysis were presented to assess the perfor-

mance of each controller in obtaining good quality of power. 

DVR is placed near the sensitive load to protect from dis-

turbances. The acceptable voltage variation is ±5% from the 

nominal value. The load voltage is given by 

𝑉𝐿 = 𝑉𝑆 + 𝑉𝐷𝑉𝑅 

Where Vs and VDVR are the source and DVR voltages 

𝑆𝐿 = 𝑉𝐿𝐼 𝐿 = 𝑃𝐿 − 𝑗𝑄𝐿 = (𝑃𝑆 − 𝑗𝑄𝑆) + (𝑃𝐷𝑉𝑅 − 𝑗𝑄𝐷𝑉𝑅) 

Where SL is apparent power at load, PL and QL are the real 

and reactive power consumptions by load.

 

Three Phase 

AC supply

Injection 

Transformer

Non Linear 

Load

Filter

Voltage 

Source 

Converter

(DVR)

DC Link 

Voltage

Control Strategy

(SRFT)

Pulse Width 

Modulation

(PWM)

VS abc VL abc

 

Fig. 1b. Block diagram of system representation 

4.2. Proposed control scheme 

The proposed control scheme is represented in Fig. 2 

which consists of five steps as follows: 

1. Detect the system voltage disturbance 

2. Compare the load voltage with reference voltage 

3. Synchronize the controller with supply voltage 

4. Introduce the controller scheme 

5. Voltage source converter are driven by giving appro-

priate gate signal. 

Step 1: Type of fault plays a major role in detecting time and 

depth of voltage disturbance. Various methods are available to 

detect the faults. The reference and load voltages are trans-

formed from abc to dq0 using parks transformation as in Eq.1 

[

𝑉𝑑

𝑉𝑞
𝑉0

] =
2

3
 [

cos(𝜃) cos (𝜃 −
2𝜋

3
) cos (𝜃 +

2𝜋

3
)

− sin(𝜃) − sin (𝜃 −
𝜋

3
) − sin (𝜃 +

𝜋

3
)

0.5 0.5 0.5

] [

𝑉𝑎
𝑉𝑏

𝑉𝑐

] (1) 

Step 2: The reference and load voltages in dq0 frame are 

compared to obtain the error signal. The error signal is used to 

detect the change in supply state which is obtained using the 

Eq. 2. 

 𝑒𝑡 = 𝑠𝑞𝑟𝑡[(𝑉𝑟𝑒𝑓,0 − 𝑉𝐿,0)
2 + (𝑉𝑟𝑒𝑓,𝑑 − 𝑉𝐿,𝑑)2 + (𝑉𝑟𝑒𝑓,𝑞 −

𝑉𝐿,𝑞)
2] (2) 

Step 3: PLL are used as a tool for the synchronization of 

controller output signal with reference input signal in phase 

and frequency 

Step 4: SBDE algorithm is used to find the optimal control-

ler gain values. The prime objective of the controller is to min-

imize the error signal. For this, a novel SBDE algorithm is 

used to find the optimal gain values of different controllers 

(Danalakshmi et al., 2018). 

Step 5: Last step is the conversion of voltage from dq0 to 

abc frame as given by Eq.3. Thereby, the gate signals are given 

to drive the VSC and hence compensates the voltage varia-

tions in load 

 [

𝑉𝑎
𝑉𝑏

𝑉𝑐

] =

[
 
 
 

sin(𝜃) cos(𝜃) 1

sin (𝜃 −
2𝜋

3
) cos (𝜃 −

2𝜋

3
) 1

sin (𝜃 +
2𝜋

3
) cos (𝜃 +

2𝜋

3
) 1]

 
 
 

[

𝑉𝑑

𝑉𝑞
𝑉0

] (3) 
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Fig. 2. Proposed DVR control scheme

4.3. Different types of controller 

The controller plays a vital role in DVR which regulates the 

voltage at the load end when it forced for the unbalanced con-

dition due to distortion. The different types of controller are 

given as follows. 

4.3.1. Proportional Integral controller 

This controller combines the proportional and integral con-

troller by feedback mechanism. The controller calculates the 

error by comparing the set value with the measured value then 

according to the tuning parameters value, Kp, Ki and τI it cal-

culates the controller output to maintain the process variable. 

The output of the PI controller is given by Eq. 4, 

 𝑢(𝑡) =  𝑢𝑏𝑖𝑎𝑠 + 𝐾𝑝 𝑒(𝑡) +
𝐾𝑖

𝜏𝐼
∫ 𝑒(𝑡)

𝑡

0
 𝑑𝑡 (4) 

where, 

u (t) – controller output 
ubias – Value of u(t) when the controller is first switched to 

automatic from manual mode 

Kp and Ki – proportional gain and integral gain 

τI – Integral time constant 

e (t) -  Set Point (target value) – Process Variable (measured 

value) 

Usually, the Kp, Ki and τI values are taken between 0 to 8, 

0 to 1 and 0 to 50 seconds respectively. 

The main advantages of this controller are good damping, 

zero offsets and no steady-state error. As the integrator in-

volves, it increases the system type, reduces the steady-state 

error and improves accuracy. The major drawbacks of the con-

troller are stability and slow response. 

4.3.2. Proportional Integral Derivative controller 

PID controller is one of the feedback controllers that com-

bine three terms, namely proportional, integral and derivative 

control to control process variables. The output of controller 

is summing up of proportional, integral and derivative re-

sponses. The controller calculates the error by comparing the 

set values with the measured value and then according to the 

tuning parameters Kp,Ki,Kd, τI and τD. Then, it calculates the 

controller output to maintain the process variable. The con-

troller output is given in Eq. 5,  

 𝑢(𝑡) = 𝑢𝑏𝑖𝑎𝑠 + 𝐾𝑝 𝑒(𝑡) +
𝐾𝑖 

𝜏𝐼
∫ 𝑒(𝑡)

𝑡

0
 𝑑𝑡 +  𝐾𝑑 𝜏𝐷

𝑑𝑒(𝑡)

𝑑𝑡
  (5) 

where, 

u (t) – controller output 
ubias – value of u(t) when the controller is first switched to 

automatic from manual mode 

Kc – controller gain  

τI & τD –  constants at integral time and derivative time 

e(t) – set point (target value) – process variable (measured 

value) 

Kp,Ki,Kd, τI andτD are the tuning parameters of the PID con-

troller.  

Usually, the Kd, τI and τD values are taken between 0 to 1, 

0 to 50 seconds and 1 to 75 seconds 

This controller eliminates the overshoot and the oscillations 

of the system output. A P-controller has the advantage of re-

ducing the rise time but never eliminates the steady-state error. 

A PI-controller has the benefit of eliminating steady-state er-

ror. The PD controller increases the system stability and re-

duces the overshoot. All design provisions can be reached with 

the PID controller. 

4.3.3. Proportional integral resonant controller (PR- con-

troller) 

PR controller is used to improve the performance of the 

VSC under unbalanced condition. PR is featured with the con-

trol of tracking the AC and DC quantities parallelly. PR con-

troller provides zero error steadily in DC sample quantities 

and also to compensate for a harmonic disturbance. From con-

trol system theory, the connections between PI and PR com-

pensator in series and parallel effectually provide ripple-free 

DC link voltage. The controller parameters should be tuned to 

obtain excellent designing in the control system (Surendran et 

al., 2014). PI compensator is used for controlling the DC com-

ponent, and PR compensator is used to control the pulsating 

component. While reforming the phase- and amplitude-fre-

quencies response, the DC and harmonic frequency compo-

nents gain infinately by converging DC tracking and harmonic 

disturbance errors to zero. Commonly used PR controller is 

represented by the following transfer function given in Eq. 6 

(Jothibasu and Mishra, 2014). 



D. DANALAKSHMI ET AL. / PRODUCTION ENGINEERING ARCHIVES 2021, 27(1), 16-29 

ARCHIWUM INŻYNIERII PRODUKCJI                                    22 

 

 𝐺𝑃𝑅(𝑠) = 𝐾𝑃 + 𝐾𝑅
𝑆

𝑆2+𝑤𝑒
2  (6)

 where we represents the AC reference angular frequency. 

The problem associated with PR type of controller is the ina-

bility to compensate the DC disturbance introduced in the con-

trol loop by non-linear loads. To avoid this problem, the PR 

controller is introduced as shown in Eq.7 with KR between 0 

to 1and 𝑤𝑒
2=1 

 𝐺𝑃𝐼𝑅(𝑠) = 𝐾𝑃 + 𝐾𝐼
1

𝑆
+ 𝐾𝑅

𝑆

𝑆2+𝑤𝑒
2  (7) 

The PR Controller-based DVR is introduced in modern 

power system, and thereby quality service will be provided to 

the consumer. 

5. Formulation of optimization problem 

Fitness Function: 

To perform the fine tuning of controller gain, the fitness 

function named as Integral time square error (ITSE) is defined 

by Eq. 8 and Eq. 9 which represents the objective of optimi-

zation problem (Danalakshmi et al., 2018).  

 𝐼𝑇𝑆𝐸 = ∫ 𝑒𝑡𝑑𝑡 
∞

0
 (8) 

 𝐹(𝑥) = min(𝐼𝑇𝑆𝐸) (9) 

where 𝑒𝑡 indicates the difference in error signal between the 

reference value and actual value of load voltage in dq0 refer-

ence. The fitness function has to be satisfied with following 

constraints. 
Constraints: 

1. The voltage level of feeder should operate between the 

operating limits from 0.9 to 1.05 

0.9 ≤ 𝑉𝐿 ≤ 1.05 

2. The maximum value of THD of the feeder is limited 

as per IEEE standard 519 (Busada et al., 2019; Suren-

dran et al., 2014). 

In this proposed method, DVR can be controlled by PI, PID 

and PR Controller. The tuning parameters such as gain param-

eters of various controllers are tuned by optimization algo-

rithm (Danalakshmi et al., 2018). 

THD is the measure of distortion in the system, and it is the 

fraction of total powers from the harmonic components with 

fundamental frequency as shown in Eq. 10. The THD is meas-

ured by applying an input to the system as a sine wave, and 

obtain the total energy at the system output as harmonics of 

input frequency under fault conditions (Busada et al., 2019; 

Surendran et al., 2014). 

 

 

1

2max

min
..

V

V
DHT

h

h

h
=  (10) 

where, Vh is the harmonic component h (rms value) of the 

quantity V . T.H.D value is limited as per Eq.11(Surendran et 

al., 2014). 

 𝑇.𝐻. 𝐷 ≤ 𝑇. 𝐻. 𝐷𝑚𝑎𝑥 (11) 

5.1. Self Balanced Differential Evolution: 

SBDE algorithm is one of the robust global searching tech-

niques (Danalakshmi et al., 2018). The following steps are 

used in the SBDE algorithm. Step 1: The first and foremost 

step is the initialization of candidate population within the 

chosen limits. It can be written as Eq.12 

 𝑦𝐴,𝐵
𝐺 = 𝑦𝐴

𝑙 + 𝑅𝑎𝑛𝑑(𝑦𝐵
𝑙 − 𝑦𝐵

𝑢) (12) 

A = 1, 2, …np, where np is population size 

B = 1, 2, ..D, where D is the problem dimension 

Parameters such as candidate size, iteration count, problem 

size, scaling value and crossover rate are initialized and solu-

tion are stored for every population vector. 

Step 2: The second process in DE is the mutation process. 

The mutant vector is created using random vectors which are 

generated from the previous step. It can be written as men-

tioned in Eq. 13. 

𝑉𝐴
𝐺 = 𝐶 × 𝑦𝑟1

𝐺 + 𝐹 × (𝑦𝑟2
𝐺 − 𝑦𝑟3

𝐺 ), 𝑖 = 1, 2, . . 𝑁𝑝 (13) 

where F is the mutation scaling factor and C is the cognitive 

learning factor. The two factors such as C and F give faster 

convergence and explore the search space. 

Step 3: The crossover is the third step which generates a trail 

vector using parent and mutant vectors in a probabilistic con-

cept as in Eq. 14. Take crossover rate (CR) between 0 and 1. 

 𝑢𝑖
𝐺 = {

𝑉𝐴
𝐺 , 𝑖𝑓 𝑟𝑎𝑛𝑑𝑜𝑚 𝐵 ≤ 𝐶𝑅

𝑦𝐴,𝐵
𝐺  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (14) 

Step 4: Selection process is the final stage of this algorithm 

in which the vector provides minimum fitness value and is se-

lected using the Eq. 15. 

 𝑦𝐴,𝐵
𝐺+1 = {

𝑢𝑖
𝐺𝑖𝑓 𝑓(𝑢𝑖

𝐺) ≤ 𝑓(𝑦𝐴
𝐺)

𝑦𝐴,𝐵
𝐺  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒          

 (15) 

In this paper, SBDE is used for minimizing the error value 

(Danalakshmi et al., 2018). In SBDE, the search space are ex-

ploited or explored by introducing two new powerful factors 

such as cognitive learning factor and scaling factor as com-

pared to conventional differential evolution.  

 

 

Fig. 3. SBDE - controller block diagram 

The main contribution in this paper is by applying the SBDE 

algorithm to find the optimized configuration of gain values 

of controllers. Fig. 3 shows the proposed SBDE-controller de-

sign model which is used to identify the optimized parameter 

values in the controller with ITSE as an objective function. 

ITSE is taken from the Matlab simulink model and deployed 

as a target objective in the SBDE algorithm. It generates a new 

SBDE 

Controller Plant Model  
- 

+ 
e(t) 

R(t) 
y(t) 
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population and provides optimal tuning value using matlab.m 

file coding. It tunes the controller parameters iteratively to 

achieve the objective or unless stopping criteria is reached. 

5.2. Implementation of SBDE algorithm: 

SBDE is used to find the optimal gain value of the controller 

to get the acceptable voltage profile in order to ensure good 

power quality during disturbances. Comparison of dq0 of load 

voltage and reference voltage generates the error signal which 

is given as an input to the controller. The controller gain is 

tuned by optimization algorithm in order to minimize the error 

signal during fault condition and thereby makes the system to 

be stable during disturbance. The output from the controller is 

transformed into an abc reference frame. This signal is for-

warded to the PWM generator which makes VSC to turn on 

after the completion of optimization loop and optimal solu-

tion. Then, the storage element will inject the voltage to the 

boosting transformer for better power quality in terms of bus 

voltage stabilization. During healthy conditions, the VSC is 

off since the error signal is zero and the storage element will 

not inject any voltage to the boosting transformer. The imple-

mentation of this process to determine the controller gain 

value and get global minimum solution is shown in Fig. 4. 

Fig. 4. Proposed implementation of SBDE procedure for determin-

ing controller parameter 

Algorithm: The parameter values to obtain the gain values 

of controllers are as follows: 
Initialization 

• The controller parameters are Kp, Ki, Kd, Kr 

• The maximum no. of iterations, i= 50 

• The scaling factor, F = 0.5 

• The crossover rate  = 0.4 

• Number of control variables = 4 

• Problem dimension = 55 

Perform the objective function from ITSE for each pop vector.  

Find the optimal solution of controller gain values with mini-

mized objective function 

while (I < Max. iterations) 

Update the cognitive learning factor and scaling factor as given 

by Eq. 13 

for (j < problem dimension) 

Update new candidate population after performing muta-

tion and crossover  

j = j + 1 

end for loop 

update the new solution and check for reaching maximum 

iteration, i 

i = i + 1 

end 

6. Results and Discussions

 A Simulink diagram is developed with 415V source voltage, 

50Hz at constant sensitive load with DVR circuit that compen-

sates the voltage sag and swell as shown in Fig 5. Various fault 

conditions such as LL, LG, LLG, LLL and LLLG were created 

at a different period to analyze the performance of DVR for 

the abnormal condition. In this research, the voltage sag is pro-

duced with t between 0.06s and 0.13s and voltage swell with t 

between 0.27s and 0.47s. Different controllers such as PI, PID 

and PR are used to reduce the THD value and maintain con-

stant voltage under fault at sensitive load. The load voltages 

and THD values at different fault conditions are calculated 

with DVR and without DVR.  

Case 1: By using PI 

In case 1, the sag and swell are created at the system and the 

load voltages are measured. The voltage disturbances have 

taken place with t from 0.06s and 0.13s and with time t from 

0.27s and 0.47s. Then, the distorted voltage is detected and the 

appropriate voltage is injected through DVR. The reference 

and load voltage are compared and error signal is generated. 

Based on the error signal, SBDE algorithm is used to minimize 

the error signal and thereby optimal gain values are found as 

Kp, Ki and τI  are 7.61, 0.32 and 10 seconds respectively. Then, 

the voltage is transfered from dq0 to abc frame. Fig. 5a shows 

the load voltage without connecting DVR, and 5b shows the 

load voltage with the connection of DVR. From Fig 5a, it is 

found that there is a lower voltage during sag and high voltage 

during the swell condition. The occurrence of switching fre-

quency and some fluctuations appeared in the voltage wave-

form at 0.06 to 0.13 seconds and at 0.27 to 0.47 seconds.  

Start 

Initialize  

Kp, Ki, Kd 

& Kr 

Initialize other 

parameters 

such as np, F, 

CR, U, imax 

Calculate fitness 

function 

Update C & F using Eq. 13 & 

find mutation 

Perform CR and Selection 

Process 

Update for new individu-

i ≤ imax 

End 

Optimal Kp, Ki, Kd & Kr 

i = i + 1 
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Fig. 5. Simulink model of three-phase DVR 

 

The addition of an active filter will reduce the distortion if 

the switching frequency is less than 1 kHz (Busada et al., 

2019). It is identified that above 1 kHz frequency, the distor-

tion suddenly rises because of the drop in compensation effect. 

It occurs because of the phase difference in the main inverter 

output voltage and the command value. 

The constant voltage is maintained during the remaining pe-

riod. The load voltage having DVR is given in Fig 5b, and it 

is found that constant load voltage is maintained and extra 

voltage has been added or immersed when voltage swell and 

sag occur. During sag condition, DVR injects the voltage, 

thereby prevents from distortion.  

 

 

Fig. 5a. load voltage without using DVR 

 

Fig. 5b. load voltage by using DVR 

 

Fig. 6 shows the THD under different fault conditions with 

various harmonic sequence of the basic frequency (50Hz).  

The THD values are high at LG fault compared with other 

types of fault. Furthermore, the THD values are low at LL 

fault compared with other types of fault. 

 
(a) LL Fault by using a PI controller 

 
(b) LG Fault by using PI controller 

 
(c) LLG Fault by using PI controller 



D. DANALAKSHMI ET AL. / PRODUCTION ENGINEERING ARCHIVES 2021, 27(1), 16-29 

 25                                                                           ARCHIWUM INŻYNIERII PRODUKCJI 

 

 
(d) LLL Fault by using a PI controller 

 
(e) LLLG Fault by using PI controller 

Fig. 6. THD under different faults by using PI 

Case 2: By using PID 

In PI controller, the main problem is that it reacts slower 

during the the dynamic loading condition. In order to solve the 

issue, the PID controller has been developed. The voltage dis-

turbances have taken place with t from 0.06s and 0.13s and 

with time t from 0.27s and 0.47s. Then the distorted voltage is 

detected and the required voltage is injected through DVR. 

The reference and load voltage are compared and error signal 

is generated. Based on the error signal, SBDE algorithm is 

used to  minimize the error signal and thereby optimal gain 

values are found as Kp, Ki and Kd are 7.98, 0.1417 and 0.2562 

seconds respectively. Then, the voltage is transfered from dq0 

to abc frame.  The Voltage compensation and THD values are 

calculated for the PID Controller based DVR. In Fig. 7a, the 

load voltage at sag and swell condition is illustrated. The volt-

age is decreased at sag condition and increased during swell 

condition. This uneven voltage may affect the load and leads 

to damage the electrical appliances. Therefore, in the proposed 

method, the DVR is inserted with a PID controller to compen-

sate the sag and swell. To get the minimum THD and to elim-

inate the sag and swell in single line to ground, the optimal 

values of Kp, Ki and Kd are 7.98, 0.1417 and 0.2562 which 

are found using optimization algorithm. In Fig. 7b the sag and 

swell voltages are compensated by PID based DVR. Fig. 8 

shows the THD values of the system after connecting the DVR 

and it has been noted that the THD values are controlled when 

compared with the PI controller based DVR system. However, 

still, the THD values calculated by PID are not satisfied be-

cause it contains a higher value of first harmonics which give 

poor sinusoidal waveform at the load end. 

 

 

 

 

 

Fig. 7a. load voltage without using DVR 

 

Fig. 7b. load voltage by using DVR 

 

 
(a) LL Fault by using PID controller 

 
(b) LG Fault by using PID controller 

 
(c) LLG Fault by using PID controller 



D. DANALAKSHMI ET AL. / PRODUCTION ENGINEERING ARCHIVES 2021, 27(1), 16-29 

ARCHIWUM INŻYNIERII PRODUKCJI                                    26 

 

 
(d) LLL Fault by using PID controller 

 
(e) LLLG Fault by using PID controller 

Fig. 8. THD under different faults by using PID 

 

Case 3: By using PR 

To overcome the problems faced in PI and PID controllers, 

a new PR controller for DVR is proposed in the paper. The PR 

controller supplies infinity and high gain at DC as well as dur-

ing some specific frequencies in the preferred harmonic dis-

turbances. Fig. 9a shows the voltage swell and sag without 

DVR where the voltage waveform is not uniform. The voltage 

disturbances is are created between time t with 0.06s to 0.13 s 

and 0.27 s to 0.47 s. Error signal is obtained by comparing the 

load voltage and reference voltage and this error signal is 

given as an input to the optimization algorithm and optimal 

gain values are found Kp= 7.83, Kr=0.3 and 𝑤𝑒
2=1. This opti-

mal gain values are set for the PR controller inorder to reduce 

the error signal. The voltage swell and sag are reduced by PR 

based DVR. Fig 10 shows the THD values of the system for 

different fault condition when PR based DVR is connected as 

a compensating device. By this, it can be noticed that the THD 

values are less, while PR based DVR is connected with the 

system. The maximum THD values are estimated at LG fault, 

and this fault is higher in PI-based DVR. The minimum THD 

values are attained at LL fault, and it is very low THD when 

compared with PI, PID controller based DVR.  

 

 

Fig. 9a. Load voltage without using DVR 

 

Fig. 9b. Load voltage by using DVR 

 

 
(a) LL Fault by using PR controller 

 
(b) LG Fault by using PR controller 

 
(c) LLG Fault by using PR controller 

 
(d) LLL Fault by using PR controller 
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(e) LLLG Fault by using PR controller 

Fig. 10. THD under different faults by using PR 

Case 4: Without using a controller 

In this case, different faults are created without using the 

controller. Fig. 11 illustrates the THD of the load condition for 

different faults with various harmonic orders. 

 

 
(a) LL Fault without using a controller 

 
(b) LG Fault without using a controller 

 
(c) LLG Fault without using a controller 

 
(d) LLL Fault without using a controller 

 
(e) LLLG Fault without using a controller 

Fig. 11. THD under different faults without using a controller. 

Table 4. Different types of controllers and their THD 

Type of 

fault 
THD (%) 

 
Without 

controller 
PI PID PR 

LL 20.60 3.91 3.09 1.83 

LG 37.98 11.51 9.52 4.01 

LLG 35.72 10.84 8.83 3.74 

LLL 40.64 3.93 3.69 3.47 

LLLG 15.04 3.98 3.45 2.55 

 

The different types of controllers and their THD values are 

shown in Table 4. It shows that the THD value of the system 

with and without a controller. It is found that without a DVR 

controller, load voltage does not remain constant during a fault 

condition and also THD value is high. By using different con-

trollers, THD values of the system are less for each fault and 

it is shown in Table 4. Among these controllers, it is found that 

by using PR controller, the voltage across the load is constant 

and also lower THD value under different fault condition.  

In order to justify the performance of proposed algorithm 

and strategy, a comparative analysis of the controllers during 

single line to ground fault have been taken and they are shown 

in Table 5. Fig. 12 represents the convergence characteristics 

of fitness function using this algorithm inorder to obtain the 

gain value of PR controllers. 

 

Fig. 12. Convergence characteristics of fitness function 
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From the results shown in Table 5, it can be identified that 

the proposed algorithm gives the optimal gain values of  the 

PR controller to achieve minimum error compared to other 

controllers. The ITSE using PR controller is 0.063 which is 

lesser than the ITSE obtained by other controllers. In the as-

pect of computation time, the proposed scheme requires less 

computation time of 0.527s to obtain the optimal gain values 

of PR controllers. The steady state error is also less smaller 

when compared to other controllers. In the other controllers, 

there is a phase difference between the output and reference 

voltage which makes the system unstable. Stability analysis 

and results shows that the PR controller eliminates the phase 

shift and reduces the steady state error with minimum time. 

Table 5. Comparative analysis of different controllers during LG 

fault using optimization technique 

Type 

of con-

troller 

Kp Ki Kd KR ITSE 

Settling 

time 

(sec) 

PI 7.61 0.3262 - - 0.5884 1.26 

PID 7.982 0.1417 0.2562 - 0.095 0.8 

PR 7.83 - - 0.3 0.063 0.527 

 

In the future, the modern power system should have the PR 

based DVR controller to maintain constant load voltage dur-

ing a fault condition. The fault lines are identified using sen-

sors and controlling action are manipulated, and information 

is provided to the load controller to inject PR based DVR in 

the line. Thereby, the reparation of voltage is done in the af-

fected line of the modern power system. 

7. Conclusion 

This paper explains the comparative assessment of PI, PID 

and PR categories of controllers towards improving the qual-

ity of power and mitigate the voltage distortions. The perfor-

mance of DVR is inspected with various fault conditions. The 

simulated results under various control strategies of THD us-

ing different controllers are illustrated. Among these control-

lers, it is found that by using the PR controller, the voltage 

across the load is constant and also the THD value is less than 

4% under different fault condition. Further, the optimization 

algorithm fine tunes the controller gain values to get obtain a 

minimum ITSE value of 0.063 with settling time of 0.527 secs 

for LG fault. Thus, the DVR with PR controller dispenses the 

best solution for power quality and voltage maintenance under 

fault conditions. 

 

Appendix 

Three-phase voltage: 415V with 50 Hz, RL filter is 0.002Ω 

and 1mH; switching frequency is 1 kHz with injection ratio as 

1:1 
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在现代电力系统中使用基于PR控制器的DVR修复电压干扰 
 

關鍵詞 

智能电网，电能质量，PI

和PR控制器，自平衡差分

演化，动态电压恢复器，

总谐波失真。 

 摘要 

智能电网环境为消费者带来了更多利益，而电能质量是智能电网环境中具有挑战性的因素之一

。为了保护系统设备并提高可靠性，使用了不同的滤波技术。即使没有满足消费者对电能质量

的期望。为了克服这些缺点并增强系统可靠性，系统中引入了新的定制电源设备（CPD）。在

不同的CPD中，动态电压恢复器（DVR）是一种电压补偿设备，用于改善失真期间的电能质量。

当配电系统中发生诸如电压骤升和骤降之类的失真时，DVR中的控制策略将发挥重要作用。在

本文中，分析了使用比例积分（PI），比例谐振（PR）控制器的DVR性能。为了达到全局最小

误差的目标并获得快速响应，使用一种称为自平衡差分进化（SBDE）的鲁棒优化算法来找到控

制器的最佳增益值。然后，在不同的控制器之间进行了比较分析，并验证了PR控制器的性能优

于其他控制器。已经发现，所提出的PR控制器策略降低了所有类型故障的总谐波失真（THD）

值。带有PR控制器的SBDE优化DVR在电压失真情况下将THD值降低了不到4％。 DVR拓扑在

MATLAB / SIMULINK中经过验证，以便检测干扰并注入电压以补偿负载电压。 

 

 
 


