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Voltage-related power quality issues, including voltage sag, swell, and total harmonic 

distortion (THD), have become a significant concern in recent times. These issues, 

particularly harmonics, are known to degrade utility performance and lifespan, 

necessitating urgent rectification to ensure a high-quality power supply. This is crucial as 

our generation increasingly depends on electricity for enhanced living standards. Flexible 

AC transmission system (FACTS) devices are gaining considerable interest as effective 

solutions to these problems. Among these, the dynamic voltage restorer (DVR) is 

particularly noteworthy for its potential to reduce power quality disturbances in the 

distribution network. In this study, we developed a DVR based on an artificial neural 

network (ANN) controller. The activation function employed was Train LM for the input 

and hidden layers, and pure linear for the output layer, with the Levenberg Marquardt back 

propagation (LMBP) serving as the training algorithm. The designed model was then tested 

to tackle voltage-related power quality problems in the distribution network of Jamal Din 

Wala (JDW) sugar mills. The comprehensive model featured a three-phase voltage source 

inverter, a scheme utilizing rotating reference frame theory, and sine pulse width 

modulation (SPWM) for voltage sag and swell sensing along with insulated gate bipolar 

transistor (IGBT) switching. We analyzed three types of DVR output defects using 

MATLAB/Simulink and compared the results of the ANN controller with those of a 

conventional PI controller. The DVR output was modeled in MATLAB/Simulink for three 

types of defects and two degrees of voltage sag and swell. The results demonstrated that the 

DVR effectively mitigated voltage sags and swells in the JDW sugar mills distribution 

network. Furthermore, during the validation of the proposed ANN, a comparison of results 

with the conventional PI controller under balanced and unbalanced sags and swells showed 

a significant improvement. The ANN achieved a voltage restoration of up to 99.8% and a 

total harmonic distortion of 13.5%, a marked improvement over the PI controller, which 

achieved 97% voltage restoration and 19.5% total harmonic distortion, respectively.  
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1. INTRODUCTION

JDW sugar mills Punjab, Pakistan have Cogeneration bio 

mass bagasse fuel-based power plant. JDW sugar mills 

Cogeneration Power plant is consist of one steam turbine & 

High-pressure Solid fuel Boiler, having generating power 

capacity of 26.35MW. JDW power plant is providing power 

to NEPRA through 132kV grid station and also providing 

power to JDW sugar mills through 11KV feeder. Most of the 

time it observed voltages fluctuation at sugar mills 11kV 

feeder due to inductive load & variation in Grid frequency. 

Almost all connected load of JDW sugar mills is very sensitive 

therefore it is planned to lessen the load voltage fluctuation 

and voltage sage/swell Power quality issues are becoming 

more prevalent as new electric power delivery infrastructure 

becomes more electronic [1]. Today's load equipment is more 

adaptable than older devices. Output losses, economic losses, 

and environmental consequences [2] can result from poor 

power quality. The delivery system's most critical and frequent 

power quality issues are sags, swells, and harmonics. CPDs are 

used in power systems to address power quality issues. Used 

to maintain power factor, Circuit voltage and compensate the 

reactive power. CPDs can adjust power quality (PQ). The 

DVR can compensate for skewed source voltage by 

compensating the load voltage [3]. The most recent solution 

uses neural networks and genetic algorithms in power 

conditioning devices [4, 5]. Based on biological nervous 

systems, neural networks have several components that work 

together. The relationship between elements usually defines 

the network function. PQ enhancement is achieved using an 
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ANN-controlled DVR [6]. To address low PQ and boost utility 

efficiency, electric power is analyzed [7-9]. Poor PQ 

difficulties finally lead to network economic failure. For the 

electrical utility and end users, PQ is concerned mostly with 

retaining voltage and current profiles [10]. 

 

1.1 Power quality issues 

 

Voltage sag is defined as a 10-90 percent drop in voltage 

level over a half cycle to one minute. Voltage sag & swell can 

last a long time equipment life, resulting in an "under-voltage" 

profile. Instantaneous, momentary, and transient voltage sags 

exist [9]. Voltage sag during fault condition is shown in Figure 

1. 
 

 
 

Figure 1. Voltage sag during fault condition 

 

Voltage swell is described as 10-80% of typical switching 

frequency across a half-cycle to a minute. Over-voltage is a 

hardware failure. Voltage swell is classified as follows. 

• Momentary swell 

• Instantaneous swell 

• Temporary swell 

When a large load is disconnected, system voltage will rise, 

Voltage increases when a single line to ground or line to line 

fault happens. Overheating electronic components and devices 

can cause voltage swell/ sag as shown in Figure 2. 

 

 
 

Figure 2. Voltage swells during fault condition 

 

Electrical machinery is more affected by PQ issues. Voltage 

sag/swell is a serious problem that power system network is 

currently experiencing. If not addressed properly, normal 

concern can increase into a serious problem, resulting in total 

equipment failure. A situation like this can be solved by 

starting a new line of custom products. A DVR is one of the 

most practical ways for protecting against voltage sag/swell 

[11-14]. To keep the voltage profile consistent, this modified 

device is coupled in series with the load bus. As a result, it is 

normally in standby mode. Three single phase transformers 

that combine the expand and contract operations can be 

controlled. These voltages are all in phase with the load 

voltage. DVRs come in three service options [15]: Short 

circuits and excessive inrush currents are isolated via bypass 

settings. Current is supplied in a number of variant directions 

[16]. 

Voltage sags are quite common in modern power systems 

and generally caused by Motor starting, Pulsed load switching 

[16]. 

Causes of voltage swells include electrical faults, switching 

operations grid disturbances, such as sudden changes in load 

or generation and unbalanced faults [16]. 

 

1.2 Conventional solutions 

 

Existing solutions to overcome voltage relevant PQ 

problems include. 

1) Capacitor banks 

Which has the following disadvantages: 

Sensitive to voltage fluctuations; 

Have shorter life (8–10 years); 

High repairing cost. 

2) Synchronous condensers 

Disadvantages: 

High maintenance cost; 

There are considerable losses in the motor; 

Except in sizes above 500 kVAR, the cost is greater. 

As a synchronous motor has no self-starting torque, 

therefore, an auxiliary equipment has to be provided for this 

purpose. 

FACTS devices are also available equipped with 

conventional PI controllers. So, there is always requirement of 

efficient control strategy having robust and fast response. The 

proposed solution utilizes neural networks for fast response 

and efficient performance.  

 

 

2. MATHEMATICS MODELLING FOR VOLTAGE 

SAG CALCULATION 

 

Consider at normal condition (no fault), current through 

load A and load B is equal (balance load). When there’s fault 

on feeder 1, a high current (short circuit current) will flow to 

feeder 1. So, based on Kirchhoff’s Law, currents flow to feeder 

2 will be reduced. Consequently, the voltage will also drop in 

feeder 2. This voltage drop will be defined as voltage sags. 

Assume Load A=ZLOAD_A, Load B=ZLOAD_B, Feeder 1 

Reactance=x1, Feeder 2 Reactance=x2, Current from supply 

source = I, Current in feeder 1=I1, Current in feeder 2=I2, 

Total Current in feeders (A+B) I=I1+I2. 

In normal conditions (without fault in the system), 

 

𝐼 =
𝑉2

𝑥2+𝑍LOUD_B 𝐵
+

𝑉2

𝑥1+𝑍LOAD 𝐴
  

 

When a fault happened in feeder 1, because of short circuit, 

a high current will flow through feeder 1 as well as source 

current I. During this time, voltage in feeder 2 decreased due 

to increasing of voltage drop across source reactance xs, this 

makes sag happened. 

 

𝐼 =
𝑉2

𝑥2+𝑍𝐿𝑂𝐴𝐷−𝐵
+

𝑉2

𝑥1
 (When fault happened) 

 

Hence, V2=Vs–Ixs, and V2 decreased from nominal value 

(V2 become as voltage sag). 

 

A. Mathematical Model for Voltage Injection by DVR  
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𝑍th = 𝑅th + j𝑋th  (1) 

 

𝑉DVR + 𝑉th = 𝑉L + 𝑍th𝐼L  (2) 

 

𝑉DVR = 𝑉L + 𝑍th𝐼L − 𝑉th  (3) 

 

𝐼L = [
𝑃𝐿+𝑗𝑄𝐿

𝑉𝐿
]

∗

  (4) 

 

𝑉𝐷𝑉𝑅∠𝛼 = 𝑉𝐿∠0∘ + 𝑍𝑡ℎ𝐼𝐿∠(𝛽 − 𝜃) − 𝑉𝑡ℎ∠𝛿 

 

where, α, β and δ are the angle of VDVR, Zth and Vth, 

respectively and θ is the load power factor angle with 

 

𝜃 = tan−1 (
𝑄𝐿

𝑃𝐿
)  

 

The power injection of the DVR can be written as: 

 

SDVR = 𝑉𝐷𝑉𝑅𝐼𝐿 

 

 
 

Figure 3. DVR schematic 

 

DVR schematic is shown in Figure 3. If the DVR can be 

controlled or run, this step is not necessary. The linear load 

voltage is detected and transmitted by a sequence analyzer. 

This transformation can remove zero sequence components 

from abc components. The PI controllers with d- and q-

coordinates are distinct from one another [17, 18]. Figure 4 

depicts a PI controller that regulates the overall error as well 

as the integral value. As illustrated in Figure 4, the PI 

controller is a feedback controller that regulates the overall 

error as well as the integral value. 

 

 
 

Figure 4. Show the structure of PI controller 

 

The compensating computer is controlled by a multi-layer 

back propagation in ANN [19]. The toolbox trains ANNs [20]. 

The Levenberg Marquardt (LM) Back propagation algorithm 

[21] supervises the ANN controller. The first order 

optimization algorithm uses Gradient Descent GD method to 

find a local minimum function. Despite starting just below the 

final minimum, this method has poor final convergence. 

Interpolating between GD and the Gauss Newton (GN) 

algorithm [22]. Although it starts far from the end goal, the 

LM algorithm seeks a solution. When compared to the GN 

algorithm, the LM algorithm has superior training procedures. 

This algorithm's benefits include faster convergence, less 

memory usage, and learning. All values for training the ANN 

come from PI controllers. The ANN controller has three layer 

one is input 2nd is hidden and 3rd is output. This feedback is 

the error signals shift, which is the difference between the real 

and estimated values. The ANN controller reduces errors. The 

mean square error in the ANN controller's output function 

represents the input and output values. 

Extreme train periods, time, or result minimization are all 

ways to reject ANN preparation (mu). 

The controller is primarily interested in quickly detecting 

the disruptive signal with extreme accuracy and a high 

interactive response to the desired DVR compensation. Under 

conditions of parameter change, disturbance in the load and 

non-linearity, etc., the traditional controller cannot operate 

correctly. A recent survey has shown that an ANN-based 

controller provides rapid dynamic responses while keeping the 

DVR stable over a wide range of operating conditions. 

Moreover, the ANN contains nonlinear elements referred as 

neurons which are interconnected. It generally represents a 

cluster of interconnected simple nonlinear elements that have 

the capacity to learn and adapt. The main blocks of neural 

networks are shown in Figure 5. 

 

 
 

Figure 5. ANN controller 

 

A control system based on the multi-layer neural network is 

developed to maximize the DVR's performance characteristics. 

The ANN-based controller has three-layer components, one 

neuron input layer, 20 neurons hidden layer and one neuron 

output layer. In the MATLAB workspace, the data obtained 

from the PI controller are stored which is used for the neural 

network controller offline training. Here, that activation 

function used is Train LM for input layer and hidden layers 

and pure linear for the output layer. Levenberg Marquardt 

back propagation (LMBP) is the used training algorithm in this 

study. 

Because of the voltage sag and swell of the JDW-II sugar 

mills 11kV feeder, power quality is an issue, as is unbalanced 

load distribution in power distribution network. Increased 

penetration of their load distribution in the existing power 

system create significant technical challenges. The work 

improved power quality by employing an artificial neural 

network (ANN)-based DVR and obtained the highest output 

from the hybrid system. The key bulletins of the paper are:  

• It reduces voltage sag and swell. 

• It ensures good voltage quality and avoids long 

interruptions in voltage supply, voltage unbalance, 

voltage fluctuation, and voltage spikes, among other 

things. 

Developed simulation model of JDW-II Sugar mills 11kV 

feeder at MATLAB/Simulink. Developed /designed the model 
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of ANN based DVR controller Integration of proposed 

designed of DVR in the developed model on MATLAB of 

JDW-II sugar mills 11kV feeder. Testing of proposed DVR by 

creating short circuit or any abnormal conditioned on 

developed model of JDW-II sugar mills 11kV feeder and a 

comparison between proposed and traditional controller (PI 

Controller).  

 

 

3. CONVERSION abc TO dq0 REFERENCES 

 

For controlling of a synchronized reference frame (dq-

control), Park Transformation turns three-phase time-

changing signals into DC signals by rotating a frame in time 

with the voltage vector on the grid. It has dq=1, q=0, and wt=0. 

It is 90 degrees off of the phase a line. 

Transform direct time-domain components to revolving, 

abc, abc quadrature, and zero. It can keep the active and 

reactive power by using an invariant Park transform in the abc 

power frame. In a well-balanced scheme, the whole equals the 

parts. 

The system's three-phase orientation can be specified to 

match the a-phase to the axis of either the rotating frame at 

time t=0 or Q. Figure 5 depicts the orientation of the rotor's 

windings in a stator and a non-rotating dq frame, respectively. 

When a four-wire system consisting of phases A, B, C, and 

neutral was added to it. It calculates the instantaneous power 

components of the p-q using the formulas provided. 

 

[

v0

vα

vβ

] = √
2

3
⋅ [

1/√2 1/√2 1/√2
1 −1/2 −1/2

0 √3/2 −√3/2

] ⋅ [

va

vb

vc

] ,

[

i0

iα

iβ

] = √
2

3
⋅ [

1/√2 1/√2 1/√2
1 −1/2 −1/2

0 √3/2 −√3/2

] ⋅ [

ia

ib

ic

]

 

 

P and Q are related to the same — voltages and currents and 

can be written as a single unit: P and Q; 

 

[
p
q] = [

vα vβ

−vβ vα
] ⋅ [

iα

iβ
] 

 

𝑃0=𝑣0. 𝑖0 Instantaneous zero sequence power 

P=𝑣𝛼. 𝑖𝛼+𝑣𝛽 . 𝑖𝛽 Instantaneous real power 

q= 𝑣𝛼 . 𝑖𝛽 - 𝑣𝛽 . 𝑖𝛼  Instantaneous imaginary power (by 

definition) 
 

 
 

Figure 6. Research overview 

They are illustrated in Figure 6 for an electrical system 

represented in a-b-c coordinates and have the following 

physical meanings in terms of physical quantities. 

 

3.1 Park transformation 

 

2 2
cos cos cos

3 32

3 2 2
sin sin sin

3 3

A

d

B

q
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V
V

V
V

V
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 
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𝑣𝑑=
2

3
(𝑣𝑎 sin(𝜃) + 𝑣𝑏 sin (𝜃 −

2𝜋

3
) + 𝑣𝑐 sin (𝜃 +

2𝜋

3
)

 
)  (5) 

 

𝑣𝑞=
2

3
(𝑣𝑎 cos(𝜃) + 𝑣𝑏 cos (𝜃 −

2𝜋

3
) + 𝑣𝑐cos (𝜃 +

2𝜋

3
))  

(6) 

 

𝑣0 =
1

3
(𝑣𝑎 + 𝑣𝑏 + 𝑣𝑐)  (7) 

 

These equations define the conversion from the three-phase 

system (a, b, c) to the dq0 stationary frame. In this 

transformation, phase A is oriented to align with the d-axis, 

which is orthogonal to the q-axis. The angle θ denotes the 

angular difference between phase A and the d-axis. 

 

3.2 Inverse Park transformation 

 

Proposed DVR model, block diagram and schematic 

diagram of DVR is illustrated in Figures 7, 8 and 9 of proposed 

DVR controller based on ANN. 

 

cos sin

2 2
cos sin

3 3

2 2
cos sin

3 3

A

d

B

q

C

V
V

V
V

V

 

 
 

 
 

 
 −
  
       

= − −                     
+ +    

    

 

 

VA=Vdcos𝜃-Vqsin𝜃 

 

VB=Vdcos(𝜃-
2𝜋

3
)+Vq sin(𝜃-

2𝜋

3
) 

 

Vc=Vdcos(𝜃+
2𝜋

3
)+Vq sin(𝜃+

2𝜋

3
) 

 

B. Component used for developed DVR  

 

▪ Controller based on ANN  

▪ PWM generator (2-level)  

▪ DC voltage source (amplitude voltage 200 volt) with 

series resistance 

▪ 2- level invertor 

▪ 3- phase circuit breaker (voltage 250V) PWM 

Generator 

▪ 2-level – 3- phase RLC load (inductance branch)  

▪ 3- phase RLC load (capacitance branch) 

BUS -3 VI measurement  

▪ 3- phase transformer 12 –terminals 

▪ Controller block LC filter coupling transformer 
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Figure 7. Proposed DVR model 

 

 
 

Figure 8. Block diagram of DVR 

 

 

Figure 9. Schematic diagram of Proposed DVR controller based on ANN 
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4. RESULTS AND DISCUSSION 

 

Three-phase voltage sag during fault condition PI controller 

Injected Voltage is shown in Figure 10. 

Three-phase grid & load voltages sag by 60%. Between 

0.03 and 0.07 seconds, and duration of 0.04 seconds, and 

with DVR set to bypass, no voltage is injected. 
 

 
 

Figure 10. Shows time on the X-axis and voltage on the Y-

axis (PU).  
 

 
 

Figure 11. Three phase voltage sag during fault condition 
 

 
 

Figure 12. Three-phase voltage swell during fault condition, 

voltage is injected with DVR, the PI controller is connected 

with DVR, and the results are under voltage swell conditions 

PI controller injected the voltage during fault conditioned. 

Three-phase voltage swell during fault condition with PI 

controller is shown in Figure 11. 

Three-phase voltage swell under fault-condition condition 

with ANN controller is shown in Figure 12. 

 

 
 

Figure 13. Three-phase supply voltages sag (45 percent) 

 

 
 

Figure 14. THD of the restored voltage using ANN 

 

 
 

Figure 15. Voltage restoration using PI controller 

 

 
 

Figure 16. Voltage restoration using ANN controller 

 

 
 

Figure 17. THD of the restored voltage using PI controller 

 

Comparative study ANN versus PI controller is shown in 

Figure 13. Between 0.03 sec and 0.07 sec of duration 0.04 sec 

& DVR has injected voltage with controller PI and ANN, the 

controller response ANN is faster than PI. Total harmonics 
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distortion of the restored voltage using ANN is depicted in 

Figure 14. 

Load voltage under LLLG fault & results are with ANN & 

PI controller as shown in Figures 15 and 16. 

Figure 17 shows the frequency in Hz on the X-axis and THD 

amplitude on the Y-axis when three-phase supply voltages sag 

& DVR is injected voltage results are with PI controller. The 

comparison results of ANN with PI controller are as shown in 

Table 1. 

 

Table 1. Comparison results of ANN with PI controller 

 

Controller 
3- ϕ Sag Voltage 

Restoration 

1- ϕ Sag Voltage 

Restoration 

3- ϕ Swell Voltage 

Restoration 

1- ϕ Swell Voltage 

Restoration 
THD % 

ANN 99.80% 99.50% 99.60% 99.80% 13.50 

PI 98.10% 98.40% 97% 98.20% 19.70 

 

 

5. CONCLUSIONS 

 

In conclusion, this paper is focused on improving the 

voltage profile of JDW sugar mills' Jawar Distribution Feeder 

in RYK, Pakistan, through the implementation of an Artificial 

Neural Network (ANN)-based dynamic voltage restorer 

(DVR). The effectiveness of the ANN controller was 

compared to that of a traditional Proportional-Integral (PI) 

controller, with specific emphasis on voltage sag 

compensation, voltage swell compensation, and Total 

Harmonic Distortion (THD) reduction. The results obtained 

from the comparison between the ANN and PI controllers 

were significant. The ANN controller demonstrated superior 

performance in various aspects. It achieved a lower THD of 

13.5% compared to the PI controller's 19.7%, indicating its 

capability to effectively mitigate harmonic distortions in the 

system. 

Regarding voltage sag compensation, the ANN controller 

achieved an impressive restoration rate of 99.8% for 3-phase 

voltage sags, outperforming the PI controller's restoration rate 

of 98.1%. Similarly, for 3-phase voltage swells, the ANN 

controller achieved a restoration rate of 99.6%, surpassing the 

PI controller's restoration rate of 97%. 

For 1-phase voltage swells, the ANN controller achieved a 

restoration rate of 99.8%, while the PI controller achieved a 

restoration rate of 98.2%. Moreover, the ANN controller 

demonstrated excellent performance in 1-phase voltage sag 

compensation, achieving a restoration rate of 99.5%, 

compared to the PI controller's restoration rate of 98.4%. 

These results clearly indicate that the ANN-based DVR 

system outperforms the traditional PI controller in terms of 

voltage sag compensation, voltage swell compensation, and 

THD reduction. The ANN controller's superior performance 

can be attributed to its ability to learn from historical data and 

make accurate predictions, enabling it to respond promptly to 

voltage variations and restore them to the desired levels. 

The findings of this research have significant implications 

for the power distribution industry, particularly in industrial 

settings like JDW sugar mills. By effectively compensating for 

voltage sags, swells, and reducing THD, the proposed ANN-

based DVR system ensures a stable and reliable power supply, 

minimizing equipment damage, downtime, and associated 

financial losses. 
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