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A B S T R A C T

This paper introduces a novel application of a three-phase matrix converter for Dynamic Voltage Restorers 
(DVRs), which is capable of direct AC-AC power conversion without the need for an energy storage component. 
Motivated by the need for efficient and responsive voltage sag correction, a sliding mode controller (SMC) with a 
Proportional-Integral (PI) sliding surface and hysteresis control is proposed. To optimize the PI gains of the SMC, 
traditional methods such as the real-coded genetic algorithm were considered; however, these methods typically 
involve extended convergence times. The Ant Colony Optimization (ACO) technique was employed, resulting in 
optimal PI gains of 6.87688 and 0.850851. The effectiveness of the SMC was validated under conditions of faults 
and load variations demonstrating satisfactory performance and stabilization at the onset of voltage sags. Nu-
merical analysis reveals that the SMC maintains a THD % of 2.24 % adhering to the IEEE standard 519–1992. The 
DVR’s performance, empowered by the matrix converter with the SMC framework, has been thoroughly 
analyzed, and the THD % was further scrutinized using the Fast Fourier Transform. This research confirms the 
matrix converter integrated with SMC as a robust solution for dynamic voltage restoration, providing a promising 
avenue for enhancing power quality in modern distribution networks.

1. Introduction

The distribution system is the part of the power system that provides 
electricity to residential, commercial, and industrial consumers. In 
recent days, every consumer has desired to receive disturbance-free 
voltage for the proper operation of their sensitive loads [1]. Voltage 
sag is the decrease in voltage from 10 % to 90 % of normal supply 
voltage [2] and commonly occurs in the distribution system, which 
inadequately affects the performance of sensitive loads [3]. Researchers 
have presented voltage sag compensation devices such as Static Var 
Compensator (SVC), Static Compensator (STATCOM), and Distribution 
Static Compensator (DSTATCOM), but these devices involve a high cost 
of installation and maintenance, and they can only alleviate low levels of 
voltage sag [4]. The essential components of a conventional DVR are an 

energy storage device, a filter, and a voltage source inverter (VSI) [5,6]. 
A DVR based on VSI requires an energy storage unit, resulting in 
complexity, high installation, and maintenance costs, and a need for 
more energy to alleviate high-value voltage sags [3,7]. This research 
paper proposes a three-phase matrix converter consisting of 09 bidi-
rectional Insulated Gate Bipolar Transistor (IGBT) switches connected in 
such a way that they form a matrix [8]. Currently, a commercially 
available single device capable of conducting current in both directions 
and blocking voltage in either direction has not yet been developed [9]. 
Nevertheless, some research has focused on the monolithic bidirectional 
switch and various bidirectional IGBT structures [10]. The matrix con-
verter has the capability of direct AC-AC power conversion and does not 
require an energy storage device, resulting in less complexity, lower 
installation and maintenance costs of DVR topology, and direct power 
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intake from the source [11,12]. The switching operation of the 
three-phase matrix converter consists of four possible groups based on 
27 switching states [13].

In each state, only one switch will operate in each phase, and the 
other switches remain off to prevent short circuits [9]. The SMC is 
nonlinear and commonly used to control the nonlinearities in system 
parameters[14]. The implementation of SMC has been suggested as a 
means to ensure the reliable performance of the DVR under conditions of 
fault occurrence or load changes and is designed with a PI sliding surface 
and hysteresis control [15]. It is essential to select the best optimization 
technique to obtain the optimum parameters for the PI sliding surface 
[7]. The optimum parameters of PI gains are obtained by researchers 
through different methods, such as the Ziegler-Nichols method, but it 
takes more time, and sometimes, they obtained parameters result in a 
large overshoot [16]. According to previous studies, the Real Coded 
Genetic Algorithm has a longer convergence time compared to other 
optimization techniques, such as the PSO method, which has been re-
ported to be less reliable in certain scenarios [17]. In this research paper, 
the Ant Colony Optimization technique (ACO) is presented to obtain the 
optimum values of PI gains [18–20]. The ACO technique requires less 
computational time, offers greater stability, and has smaller un-
certainties than other optimization techniques [21]. In conventional 
DVRs, the VSI is commonly used to convert DC into AC, so it requires an 
energy storage device and charge-up circuit [22]. In this study, we have 
analyzed the system under 5 kW load, so the installation cost of VSI for 
DVR is 1.8Million because it requires batteries and a charge-up circuit, 
which leads to an increase in the installation and maintenance cost [23,
24] and also DVR with VSI compensate the low value of voltage sag [22]. 
PID controller is a linear controller and fails to perform under parameter 
variations [3–5].

The scope of this research extends to exploring the synergy between 
a matrix converter-based DVR and SMC, presenting a pioneering 
approach to power quality enhancement [25–27]. This combination is 
anticipated to address the quick response needs of sensitive loads and 
contribute to the robustness and reliability of the power distribution 
network[28,29]. The novel application and performance metrics of this 
integrated solution set a new precedent in the field, potentially revolu-
tionizing the landscape of voltage sag mitigation and power quality 
improvement[30,31].

The pursuit of advancements in power distribution systems has led to 
the development of this research, which centers on mitigating voltage 
sags through a novel Dynamic Voltage Restorer (DVR) design[32–34]. 
Traditional DVR systems, while effective to a degree, are encumbered by 
the necessity of energy storage devices and are often limited to miti-
gating low-level voltage sags. This study propels the DVR [28–31] 
concept forward by integrating a three-phase matrix converter that 
sidesteps the need for such storage solutions, leading to a more 
streamlined, cost-effective, and efficient design[35,36]. The matrix 
converter stands as a testament to innovation in power electronics, of-
fering a direct AC-AC power conversion and a reduction in complexity 
and expenses[37,38]. In conjunction with the matrix converter, this 
paper highlights the employment of a Sliding Mode Controller (SMC) 
[32] with a PI sliding surface for enhanced control during voltage sags. 
This approach showcases an improvement in performance, especially in 
scenarios involving load variations and fault conditions[39].

Our contribution is thus distilled into the following key points: 

• Matrix Converter Integration: By incorporating a matrix converter, 
this research advances a DVR system that operates without an energy 
storage device, leading to a simplification in DVR topology that 
promises lower installation and maintenance costs.

• Performance under Load Variations: The SMC’s performance has 
been meticulously assessed through load variations to validate its 
capability to provide an optimal DVR topology that ensures reduced 
costs and enhanced performance during voltage sags.

• SMC Implementation: The proposed SMC, designed with a PI 
sliding surface and hysteresis control, demonstrates an ability to 
maintain DVR performance amidst system nonlinearities and 
parameter changes, ensuring reliable power quality enhancement.

• Optimization Technique Application: The introduction of the Ant 
Colony Optimization (ACO) technique for determining optimal PI 
gain values represents an improvement over traditional methods, 
with benefits including reduced computational time and enhanced 
system stability.

• Empirical Validation: Through MATLAB Simulation Software, the 
study provides empirical evidence of the SMC’s capability to control 
voltage sag scenarios efficiently, ensuring compliance with estab-
lished IEEE standards for Total Harmonic Distortion (THD).

• Cost-Efficiency Analysis: The research delves into the economic 
implications of the proposed system, demonstrating the potential for 
significant cost savings in both the installation and maintenance of 
DVR systems.

2. Literature review

The DVR is valueless without a control circuit. Researchers presented 
the different control approaches to control the dynamics of DVR such as 
[40] proposed a novel control strategy based on the Uncertainty and 
Disturbance Estimator (UDE) for enhancing the response of the DVR in 
compensating load voltage under various power quality issues, specif-
ically those related to grid voltage disturbances. Their approach utilizes 
the VSI, which requires multiple conversions and an energy storage 
device, resulting in increased costs for the DVR topology. In [41] pre-
sented a control strategy using SMC to regulate the dynamics of the DVR, 
incorporating an AC chopper. However, it was noted that the AC 
chopper is not suitable for output frequency control like a matrix con-
verter. In [3] conducted an analysis of the DVR’s performance using 
both PI and SMC controllers in conjunction with a VSI. It has been 
observed that the utilization of VSI requires multiple conversions and an 
energy storage device, resulting in increased costs for the DVR topology 
employing either PI or SMC. In [42] developed an enhanced synchro-
nous reference frame (ESRF) theory-based DVR using a VSI with a PI 
controller to mitigate the effects of voltage sags. It has been observed 
that the utilization of VSI requires multiple conversions and an energy 
storage device, resulting in increased costs for the DVR topology, and it 
was found that the linear PI controller’s performance was unsatisfactory 
under parameter variations. In [7] presented a control strategy for the 
DVR using SMC, incorporating PSO to optimize the tuning parameters of 
the PI controller for improved robustness. However, they also pointed 
out that the VSI necessitates multiple conversions and energy storage 
devices, thereby increasing the installation and maintenance costs of the 
proposed DVR topology. In [43] introduced a control strategy based on 
SMC for managing the dynamics of the DVR, utilizing a VSI. It has been 
observed that the converter circuit requires multiple conversions and 
energy storage devices, leading to elevated costs associated with the 
installation and maintenance of the proposed DVR topology. In [22] 
implemented a Voltage Source Converter (VSC) with an energy storage 
system and employed a PI controller to regulate the dynamics of the 
DVR. They found that the linear PI controller’s performance was un-
satisfactory under parameter variations. Additionally, the VSI necessi-
tates an energy storage unit and charge-up circuit, resulting in high 
installation and maintenance costs for the DVR topology. In [44] pre-
sented the control strategy based on the half-cycle averaging method 
under steady-state conditions and selected the multi-stage converter, 
phase angle regulator, and tap-changing transformer, but this topology 
increases the complexity, installation, and maintenance costs, and DVR 
cannot operate satisfactorily under the fault condition. In [45] presented 
the PI controller with VSI and employed the photovoltaic (PV) system, 
but at nighttime, the PV cell will not generate power, and the PI 
controller is linear and fails to perform satisfactorily under parameter 
variations. In [46] presented the control strategy of a 
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Proportional-Integral-Derivative (PID) controller with a single-phase 
matrix converter to analyze the DVR performance under fault condi-
tions. A matrix converter is a good approach, but PID is a linear 
controller and gives unsatisfactory performance under fault conditions.

The survey of existing literature reveals a significant research gap in 
the domain of Dynamic Voltage Restorer (DVR) control strategies. While 
various approaches have been explored to enhance DVR performance, 
there remains a clear opportunity to refine these systems’ efficiency, 
cost-effectiveness, and adaptability under diverse electrical distur-
bances. The related work underscores a reliance on traditional methods, 
which involve multiple power conversions and necessitate additional 
components, leading to increased complexity and costs. This gap is 
addressed in our study by proposing an innovative DVR topology that 
leverages a matrix converter and an advanced control strategy.

Key gaps identified from the literature include: 

• Dependence on Complex Systems: Current strategies often require 
complex systems like VSI with multiple energy conversions, leading 
to increased cost and complexity in DVR topology [43].

• Inadequate Control Strategies: Existing control strategies, 
including linear controllers like PI and PID, have shown unsatisfac-
tory performance under parameter variations and fault conditions 
[42].

• Energy Storage Dependency: Many DVR topologies are dependent 
on energy storage devices, which contribute to elevated costs and 
maintenance requirements [18,22,24].

• Suboptimal Parameter Optimization: Approaches such as PSO 
have been used for tuning controller parameters but still lack 
robustness compared to potential alternatives like the Ant Colony 
Optimization technique [7].

• Cost-Effective SMC Integration: While SMC offers a promising 
control strategy for DVR systems, its application within a VSI context 
has not adequately addressed the cost concerns associated with 
traditional DVR topologies [8–9].

• Untapped Potential of Matrix Converters: There is a notable 
absence in the literature of research that combines the advantageous 
features of matrix converters with the robustness of SMC for DVR 
applications.

• Limited Performance Under Variations: Despite various ad-
vancements, there is still a need for a control strategy that can 
satisfactorily perform under different load and fault conditions 
without the need for additional energy storage [44].

Our research aims to bridge these gaps by introducing a simplified 
DVR system that reduces the installation and operational costs while 
maintaining high performance in voltage sag mitigation.

3. Dynamic voltage restorer

DVR is a series-connected device that adds the necessary voltage to 
the load during the small or high value of voltage sag [47]. Under 
steady-state conditions, the DVR remains in standstill condition but 
comes in voltage injection mode during voltage sag, and necessary 
voltage will be added to the load [22]. Fig. 1 shows the DVR with a 
distribution system. The compensation of voltage is given in Eq. (1)
[15]. 

Vload(t) = Vsource(t) + VDVR(t) (1) 

Where,
Vsource(t) is the Supply voltage before compensation. Vload(t) is the 

load voltage and VDVR(t) is the voltage injected by DVR. The load power 
in each phase is given in Eq. (2), 

Sload = VloadIload = Plpad − jQload (2) 

Where,
Iload, Vload are the load current and load voltage.
Pload, jQload are the active and reactive components consumed by the 

load, so the power of the load is given in Eq. (3), 

Sload = (Pload − jQload) + (PDVR − jQDVR) (3) 

The Proposed topology of DVR consists of SMC, a three-phase matrix 
converter, an LC filter, and three single-phase voltage injection trans-
formers, as shown in Fig. 2 [1]. The distribution system consists of 11Kv 
grid voltage, which is supplied to the distribution transformer of 50 KVA 
(delta/star) for step-down of the voltage to 400 V, which is supplied to 
the RL load of 5KW with line impedance of RL. The DVR consists of 
three-phase direct matrix converters with an SVPWM switching tech-
nique, which converts three-phase AC to AC voltage directly without the 
support of an energy storage unit [13]. The SMC consists of PI with 
hysteresis control to control the dynamics of DVR under voltage sag 
[15]. IGBT switches are available in the matrix converter. An LC filter is 
utilized to compensate the harmonics [1]. Three voltage injection 
transformers of 1:1 were utilized to compensate the voltage in each 
phase individually [8]. The By-pass switches were utilized to isolate the 
DVR under normal conditions and connected with DVR under voltage 
sag [48].

3.1. Three-Phase matrix converter

The three-phase matrix converter consists of 09 bidirectional IGBT 
switches [49,50] and is capable of converting AC-AC voltage directly 
without an energy storage device and charge-up circuit [51,52], which 
will result in less installation and maintenance costs of DVR topology. 
Fig. 3 shows the three-phase direct matrix converter; in each phase, 
three IGBT switches with filter are connected [53]. The commutation 

Fig. 1. Distribution system network with DVR.
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will be achieved through the proper connection of IGBT switches, i.e., 
input parameters must be connected with output parameters [54]. Ma-
trix converter can generate the best current signals with a convenient 
power factor and take the power from the same power source [51,55]. 
Protection of IGBT switches is essential against over current and over 
voltage [49]. The diode bridge with an electrolyte capacitor can be 
utilized for the protection of IGBT switches [56]. The switching states of 
the three-phase matrix converter are given in Table 1 [57].

The input phases must not be short-circuited, and the output phases 
must not be open-circuited. A single switch is allowed to operate in each 
phase during one switching state; otherwise, a short circuit will occur 
[58]. The current commutation is essential for IGBT switches for the safe 
transfer of current from one switch to another switch [59,60]. The 
simulation model of the three-phase matrix converter is shown in Fig. 4

[61], and output voltages with and without LC filter are shown in Figs. 5 
(a) and 5(b) [49].

The relationship between load and source voltages [62] is given in 
Eq. (4)
⎡

⎢
⎢
⎣

V(t)
a

V(t)
b

V(t)
c

⎤

⎥
⎥
⎦ =

⎡

⎢
⎢
⎣

S(t)
Aa S(t)

Ba S(t)
Ca

S(t)
Ab S(t)

Bb S(t)
Cb

S(t)
Ac S(t)

Bc S(t)
Cc

⎤

⎥
⎥
⎦

⎡

⎢
⎢
⎣

V(t)
A

V(t)
B

V(t)
C

⎤

⎥
⎥
⎦ (4) 

Vo = T.Vi (5) 

Where T denotes the matrix converter transfer function, the output 
and input currents relationship is given in Eq. (6). 

Fig. 2. Proposed DVR Topology.

Fig. 3. Three-phase direct matrix converter.
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Table 1 
Switching states of three-phase matrix converter.

State Phase Switching Function

R Y B SAR SAY SAB SBR SBY SBB SCR SCY SCB

1 R Y B √ × × × √ × × × √
2 R B Y √ × × × × √ × √ ×

3 Y R B × √ × √ × × × × √
4 Y B R × √ × × × √ √ × ×

5 B R R × × √ √ × × √ × ×

6 B Y R × × √ ​ √ × √ × ×

7 R B B √ × × × × √ × × √
8 R B B × √ × × × √ × × √
9 Y R R × √ × √ × × √ × ×

10 B R R × × √ √ × × √ × ×

11 B Y Y × × √ × √ × × √ ×

12 R R Y √ × × √ × × × √ ×

13 B R B × × √ √ × × × × √
14 B Y B × × √ × √ × × × √
15 R B R √ × × × √ × √ × ×

16 R B R √ × × × × √ √ × ×

17 Y B R × √ × × × √ × √ ×

18 Y R Y × √ × √ × × × √ ×

19 B B R × × √ × × √ √ × ×

20 B B Y × × √ × × √ × √ ×

21 R R Y √ × × √ × × × √ ×

22 R R B √ × × √ × × × × √
23 Y Y B × √ × × √ × × × √
24 Y Y R × √ × × √ × √ × ×

25 R R R √ × × √ × × √ × ×

26 Y Y Y × √ × × √ × × √ ×

27 B B B × × √ × × √ × × √

Where √ denotes the ON condition and × denotes the OFF condition of the IGBT switch, and R,Y, and B are the three phases of the matrix converter.

Fig. 4. Simulation model of three-phase matrix converter.
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ii =

⎡

⎢
⎢
⎣

i(t)a

i(t)b

i(t)c

⎤

⎥
⎥
⎦io =

⎡

⎢
⎢
⎣

i(t)A

i(t)B

i(t)C

⎤

⎥
⎥
⎦ (6) 

ii = TT.io (7) 

Where TT is the transpose of T.
Matrix converter produces the sinusoidal current and voltage 

waveforms with controllable power factor [63]. The input and output 
voltages are given in Eq. (8) & (9)

Vi(t) = Vim

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Cos (ωit)

Cos
(

ωit +
2π
3

Cos
(

ωit +
4π
3

)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(8) 

Vo(t) = qVim

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Cos (ωot)

Cos
(

ωot +
2π
3

Cos
(

ωot +
4π
3

)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(9) 

Where
ωi, vi, and vo are the average input and output voltages and output 

frequencies. 

io(t) = Io m

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Cos (ωot + φo)

Cos
(

ωot + φo +
2π
3

Cos
(

ωot + φo +
4π
3

)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(10) 

ii(t) = q
cosφo

Cosφo

⎡

⎢
⎢
⎢
⎢
⎢
⎣

Cos (ωit + φi)

Cos
(

ωit + φi +
2π
3

Cos
(

ωit + φi +
4π
3

)

⎤

⎥
⎥
⎥
⎥
⎥
⎦

(11) 

Where
φi, and φo are the input and output displacement angles, and q is the 

voltage transfer ratio.

3.2. Space vector pulse width modulation

The selection of an appropriate modulation technique is critical for 
the efficient functioning of converter switches [64]. This study proposes 
the utilization of the Space Vector Pulse Width Modulation (SVPWM) 
technique. This technique involves the generation of 27 vectors, cate-
gorized into three distinct groups. Group I is characterized by a consis-
tent magnitude of output vectors, which possess the capability to rotate 
in various directions. Here, each output line is connected to a unique 
input line, facilitating effective vector control [49]. In Group II, the 
output vectors undergo changes in magnitude while maintaining a 
constant direction. These vectors are strategically positioned, separated 
by intervals of 600 units. This configuration involves connecting one of 
the output lines to a common input line and the other output line to one 
of the remaining input lines [51]. Group III features output vectors that 
lack amplitude, with all output lines converging on a shared input line. 
The spatial vector representation of the matrix converter is mathemat-
ically expressed in Eq. (11), and the corresponding voltage output vec-
tors are illustrated in Fig. 6 [65,64]. 

V(t)
0 =

2
3
(
Vab + aVbc + a2

ca
)

(12) 

Where a = exp
(

j2π
3

)

Fig. 5a. Output voltage of matrix converter.

Fig. 5b. Output voltage of three phase matrix converter with LC filter.
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The Sliding Mode Controller is non-linear and commonly used to 
control the non-linearities in system parameters [41]. To ensure the 
effective functioning of DVR in the presence of faults and load varia-
tions, an SMC approach has been suggested and is designed with PI 
sliding surface and hysteresis control [15].

The direct-quadrature-zero (dqo) transformation, also known as Park 
Transformation, is a mathematical technique used to simplify controller 
design and facilitate the analysis of electrical engineering problems 
involving three-phase systems [66]. This method involves reducing the 
electrical quantities of the three phases to two-phase electrical quanti-
ties [13]. As depicted in Fig. 7, the first step involves feeding the 
three-phase voltages/currents into the abc/dqo block, which is syn-
chronized with a Phase Lock Loop.

The reference values and actual values are then combined, and the 
difference is converted into dqo/abc block and then transmitted to the 
SMC control circuit. The resulting Space Vector Pulse Width Modulation 
signal is then sent to the matrix converter to control the operation of 
switches [67]. The error signal will be given to the SMC through a phase 
lock loop [66]. The direct quadrature zero (dqo) frame reference is also 
known as Parks Transformation and is used for simplicity in controller 
design. The three-phase voltages will be converted to two-phase dqo 
components through the abc/dqo block, and then the difference be-
tween actual and reference values will be given to the controller. The 
controller will supply the difference in parameters to the dqo/abc block, 

and then this block will convert the dqo parameters into abc. The 
dqo/abc block will provide information to the PWM block for converter 
operation [66]. The design of SMC relies on both the selection of a 
switching function and the formulation of a control law. [43]. The 
sliding surface makes the system stable, i.e., S < 0, where s is a variable, 
but due to the problem of chattering, the system variables are not 
reaching zero, i.e., S > 0, as shown in Fig. 8 [15].

The researchers recommended that the hysteresis band should be 
utilized to avoid the chattering problem [3]. The differential equations 
of DVR are given in Eqs. (13 & 14). 

kicp =
(
upvdc − vcp

)/
L (13) 

kvcp =
(
icp − isp

)/
C (14) 

Where,
k = d/dt, icp is the inductor current, isp is the supply current, vcp is 

the voltage compensation, vdc is the chargeable dc supply, up is the 
control input, and L and C are the filter inductance and capacitance. Eq. 
(15) shows the derivative of compensation voltage [43]. 

x1p = vcp − vcp
⋅
, x2p = ẋ1p = vcp

⋅
− vcp

⋅⋅
(15) 

Where,
ẋ1p is the derivative of x1p and ˙vcp is the derivative of vcp, now take 

the derivative of Eq. (15). 

x1p
⋅

= x2p = vcp
⋅
− vcp

⋅⋅
, x2p

⋅
= vp

⋅⋅
− vp

⋅⋅⋅
(16) 

Now submitting the Eq. (12) in ˙x2p 

x2p
⋅

= − kvcp
⋅⋅

+
(
kicp − kisp

)/
C (17) 

Now substitute the Eq. (13) in Eq. (17)

x2p
⋅

= − ωs2x1p + ωs2upvdc − ωs2vcp
⋅
− kvcp

⋅⋅
− kisp

/
C

⋅⋅
⋅

(18) 

Hence, the behavior of the DVR in terms of 

x1p and x2p
˙x1p = x2p (19) 

˙x2p = ωs2[upvdc − x1p +Dp(t)vdc
]

(20) 

Where Dp(t) is the disturbance 

Dp(t) =
(
− LKisp − vcp

⋅
− LCKVcp

⋅⋅ ) /
vdc (21) 

From Eq. (21) Dp(t) is the time-varying function. The sliding surface 

Fig. 6. Output vectors.

Fig. 7. Proposed sliding mode controller.
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is given in Eq. (22). 

Sp = λx1p + x2p (22) 

Where λ is the positive sliding surface

3.3. LC filter

The LC filter is presented, which is frequently utilized in converters 
to mitigate the harmonic distortions caused by converter switching. The 
proposed filter design aims to effectively reduce these unwanted har-
monics and improve the overall performance of the converter. [22]. By 
referring to Eqs. (23) and (24), it is possible to calculate the output 
impedance and voltage gain of the LC filter. These equations provide a 
useful means of analyzing the behavior and performance of the filter, 
which is essential for optimizing its design and achieving the desired 
outcomes in converter applications [68]. 

Vc

Vs
=

(1 + sRC2)

s3LRC1C2 + s2L(C1 + C2) + sRC2 + 1
(23) 

Through Eq. (23), we get Eq. (24)

H(s) = − R = −
1
k
=

s2L(C1 + C2 + 1)
s3LC1C2 + sC2

(24) 

The variables R, L, and C represent the resistor, capacitor, and 
inductor, respectively, in a closed-loop system. The transfer function of 
the open loop system is represented by H(s), and K is the variable 
feedback gain.

3.4. Voltage injection transformer

DVR system employs a voltage injection transformer to supply load 
with the required voltage in case of a shortfall. This device injects the 
missing voltage into the system as needed, thus ensuring a stable and 
reliable power supply [48]. In this research paper, 1:1 three single-phase 
transformers were utilized to compensate the voltage sags individually 
in each phase [1].

4. ANT colony optimization technique

In this research paper, the ACO technique is proposed to get the 
optimum value of PI gains [69]. ACO technique in which the activities of 
the ants are founded on food gathering and selecting the shortest path 

from the nest to the set objective [70]. Ants can easily communicate with 
each other through pheromones (chemical signals). Ants can detect 
pheromones through antennas and leave the pheromones in the soil for 
follow-up with the other ants. [71,72]. The flow chart of the ACO 
technique is shown in Fig. 9 [69]. The node selection is calculated 
through heuristic, and pheromone factors are given in Eq. (25) [70]. The 
heuristic factor is denoted by nij and the pheromone factor is denoted 
by τij. 
[
τij
]
α
[
nij

]
β (25) 

Where α and β are constants that calculate the kin effect of the 
pheromone values and the heuristic values, the probability of distribu-
tion is calculated through Eq. (26) [70]. 

ρij =

[
τij
]
α
[
nij

]
β

∑
h∈S [τih]α[nih]β

(26) 

In the ACO technique, the cost function is used for controller design 
[73]. The scientific community suggested the three cost functions; the 
utilization will depend on the controller design [74]. In the first cost 

Fig. 8. SMC Phase plot.

Fig. 9. Flow chart of ACO technique.
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function, the value of the integrated square will be reduced, as given in 
Eq. (27) [70]. 

f1 =

∫∞

0

(etdt)2 (27) 

The second cost function is determined by the cumulative values of 
the rise time, maximum overshoot, steady-state error, and settling time. 
[75] and given in Eq. (28). 

f2 =
1

[
C1 (tr − trd) + C2

(
Mp − Mpd

)
+ C3 (ts − tds) + C4(ess − essd)

]

(28) 

The third cost function, as expressed in Eq. (29), indicates that the 
choice of α and β values is crucial in determining the optimal design of a 
controller. In other words, the selection of these values plays a signifi-
cant role in the controller’s performance and effectiveness. Therefore, it 
is important to carefully consider and evaluate different options for α 
and β to ensure the controller operates as intended and meets the desired 
objectives. Ultimately, the appropriate selection of these parameters can 
lead to improved system stability, accuracy, and responsiveness [76]. 

f3 =
1

(1 − e− β)
(
Mp + ess

)
+ e− β(ts − tr)

(29) 

The cost VS iteration curve is shown in Fig. 10. The cost is decreasing 
with iterations [70].

The parameters in Table 2 are utilized in the ACO MATLAB program 
[70], and the best values of PI gains obtained after the completion of 50 
iterations are given in Table 3.

5. Methodology

The distribution system with the proposed DVR is shown in Fig. 11
[1].

The performance of the SMC with matrix converter-based DVR was 
analyzed using MATLAB simulation software under single phase to 
ground fault and load variations. The parameters in Table 4 are utilized 
to obtain the simulation results [5].

The distribution network in question comprises an 11 kV feeder and 
a step-down distribution transformer rated at 11kV/400Volts with a 
capacity of 50 kVA, serving a three-phase RL load. The DVR framework 
integrates a Phase-Locked Loop (PLL) with dq0 transformation, which 
facilitates error detection in parameters and simplifies controller design. 
A Sliding Mode Controller (SMC) equipped with hysteresis control and a 

PI sliding surface is employed to manage the DVR dynamics. For the 
accurate operation of the matrix-converter switches, a three-phase ma-
trix converter utilizing Space Vector Pulse Width Modulation (SVPWM) 
is employed alongside an LC filter to mitigate harmonics. To address 
voltage compensation needs, three single-phase voltage injection 
transformers with a 1:1 ratio are used to inject the required voltage into 
the load as needed. Fault conditions were simulated with a single phase 
to ground fault over 60 milliseconds, featuring 0.01 ohm fault resistance 
and 0.001 ohm ground resistance. Additionally, the DVR’s performance 
was evaluated under varied load conditions (30kW, 70 kW, and 120 kW) 
without faults using MATLAB simulation software.

6. Simulation results and discussion

6.1. Single line to ground fault condition

When a fault is applied to one phase of three phase system then we 
have seen that the supply voltage is reduced to 100 Volts. This condition 
is not acceptable for sensitive loads, so timely compensation is essential. 
The system voltage, load voltage, load current, and voltage injection 
through DVR are shown in Figs. 12(a), 12(b), 12(c), and 12(d). In 
Figures (b) and (c), it have been seen that the DVR compensate the 
missing voltage and maintain the load current without any overshoot. 
The selected controller is appropriate for DVR under this fault condition 
and settled at the time of 0.02 s.THD of the proposed controller was 

Fig. 10. Cost VS Iteration curve.

Table 2 
ACO Parameters.

S.No Parameter Value

1 Alpha (α) 0.8
2 Beta (β) 0.2
3 Rho 0.7
4 Nodes 1000
5 Upper bound [10 10 10 10]
6 Lower bound [− 10 − 10 − 10 − 10]
7 No. of Ants 50
8 No. of Iterations 50

Table 3 
Parameters of PI gains.

S. No Parameters of PI Gains

1 Kp=− 6.87688 Kp=− 2.517
2 Ki=0.850851 Ki=2.219

A.H. Soomro et al.                                                                                                                                                                                                                              Electric Power Systems Research 241 (2025) 111408 

9 



acceptable as per IEEE standards 519–1992 [77] i.e., 2.56 %, so the SMC 
controller is appropriate for DVR under fault and load variations. 
Simulation results of SMC with DVR are given in Table 5.

6.2. Performance of sliding mode controller at 30 kW load

To ascertain the robustness of the SMC, its performance was rigor-
ously assessed under various load conditions. Specifically, when sub-
jected to a 30 kW load, the load voltage experienced a 12 % reduction. In 
response, the Dynamic Voltage Restorer (DVR) effectively sustained 
both the load voltage and current. The operational parameters, 
encompassing the system voltage, load voltage, load current, and the 
voltage compensation executed by the DVR, are comprehensively 
depicted in Figs. 13(a), 13(b), 13(c), and 13(d).

6.3. Performance of sliding mode controller at 70 kW load

Under a 70 kW load condition, where the load voltage diminished by 
27 %, the Dynamic Voltage Restorer (DVR) successfully upheld the 
voltage and current on the load side. Illustrations of the system voltage, 
load voltage, load current, and the voltage adjustment facilitated by the 
DVR are methodically presented in Figs. 14(a), 14(b), and 14(c).

6.4. Performance of sliding mode controller at 120 kW load

Upon experiencing a load of 120 kW, which resulted in a 39 % 
reduction in load voltage, the Dynamic Voltage Restorer (DVR) adeptly 

Fig. 11. Proposed power system with DVR topology.

Table 4 
Parameters of proposed power system with DVR.

S. 
No

Parameter Value

1 Grid voltage 11k V
2 Distribution transformer (11KV/400 Volts) 100 kVA
3 Supply voltage to load 400Volts
4 Line parameters R = 0.001ohm, L = 16.58 e-6 

H
5 Three-phase load with single-phase fault 5k W
6 LC Filter 5.8mH, 2e-6 farad
7 Three single-phase voltage injection 

transformers
1:1

8 Fault time 60 milli-seconds
9 Fault Resistance 0.01 ohms
10 Ground resistance 0.001 ohms
11 System frequency 50 Hz
12 Switching frequency 6 kg-Hz
13 Three-phase loads without fault condition 30k W, 70k W, and 120 kW

Fig. 12a. System voltage under single-phase fault.
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maintained the voltage and current levels on the load side. The load 
voltage, load current, and voltage compensation executed by the DVR 
are effectively demonstrated in Figs. 15(a), 15(b), and 15(c). The THD 
under single line fault is evaluated by FFT method and is shown in 
Fig. 16, it has seen that the 2.56 % is within the standards [77], so the 
selected controller is fit under load variations. Simulation results of SMC 
with DVR are given in Table 5.

6.5. Total harmonic distortion percentage with smc controller (THD %)

The THD% of the proposed DVR with SMC controller was analyzed 

through FFT and is shown in Fig. 16. The THD% of the proposed 
controller was acceptable as per IEEE standards 519–1992 [77], i.e., 
2.56 %, so the SMC controller is appropriate for DVR under fault and 
load variations. Simulation results of SMC with DVR are given in 
Table 5.

6.6. Performance of pid controller under single line to ground fault 
condition

In this fault condition the yellow phase experience a load voltage 
drop of up to 70 percent. The voltage system, effect on load voltage, and 

Fig. 12b. Load voltage with SMC under single-phase fault.

Fig. 12c. Load current with SMC under single-phase fault.

Fig. 12d. Voltage injection through DVR with SMC under single-phase fault.

Table 5 
Simulation results of proposed DVR with SMC Controller.

Parameter Single phase fault 30 kW Load 70 kW Load 120 kW Load

Voltage Sag 227 Volts 40 Volts 88 Volts 127 Volts
Voltage 

overshoot
No No No No

Current 
overshoot

No No No No

Settling Time From where fault time was started, i.e., 0.02 
s

From where voltage sag was 
started

From where voltage sag was 
started

From where voltage sag was 
started

THD% 2.56 %
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voltage injection through DVR is shown in Figs. 17(a), 17(b), and 17(c)
respectively. As is seen, the output load voltage is not appropriately 
regulated through the DVR and is higher than normal value because of 
using of linear PID controller and settled at the time of 0.04 s which may 
be damaging on more sensitive loads. The THD of DVR with PID 

controller is also analyzed under single phase fault condition, so it has 
been seen that the THD is 12.41 % of fundamental frequency and also 
not acceptable as IEEE standards is shown in Fig. 18.

Fig. 13a. Normal system voltage.

Fig. 13b. 12 % Decreases in load voltage at 30 kW Load.

Fig. 13c. Load current maintained by DVR during 12 % decrease in VL at 30 kW Load.

Fig. 13d. Voltage injected by DVR during 12 % decreased in VL at 30 kW Load.
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6.7. Discussion

The effectiveness of a matrix converter-based DVR employing a SMC 
strategy was assessed using MATLAB simulation software. The evalua-
tion scrutinized the system’s responsiveness under various load sce-
narios and in the event of a single-phase fault. The simulation findings 
underscore the matrix converter’s proficiency in executing direct AC-AC 
voltage conversion, thereby circumventing the necessity for auxiliary 
conversions, energy storage units, and charging mechanisms. This 

inherent attribute of the matrix converter design potentially contributes 
to the diminution of both installation and operational expenditures 
associated with DVR systems. Additionally, the absence of energy stor-
age components not only trims down the system’s footprint but also 
simplifies the integration into areas where space is at a premium. Upon 
the imposition of voltage sag to 227 Volts during a single-phase fault, the 
system demonstrated the ability to sustain the load voltage and current 
satisfactorily. Further scrutiny under varying load conditions specif-
ically at 30 kW, 70 kW, and 120 kW was conducted to verify the SMC 

Fig. 14a. 27 % Decrease in load voltage at 70 kW.

Fig. 14b. Load current maintained by DVR during 27 % decrease in VL at 70 kW Load.

Fig. 14c. Voltage injected by DVR during a 27 % decrease in Load Voltage at 70 kW Load.

Fig. 15a. 39 % decrease in load voltage at 120 kW.
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controller’s robustness. The SMC showcased commendable performance 
across these diverse load settings. The THD% of the proposed controller 
was examined using the Fast Fourier Transform (FFT), revealing a THD 
% less than 5 % of the fundamental frequency, which indicates a 
favorable control approach for the DVR topology during fault incidents 
and across a spectrum of load conditions. Analyzing the formula derived 
for the DVR topology, it was identified that the proposed controller is a 
superior and improved control approach for the topology. This work 
provides a real practical solution on Matrix Converter based DVR control 
for the engineers and researchers in order to implement it in actual 
power system problem. The emphasis on effectiveness adds much more 
value and importance to the topic within the respective discipline. The 
PID controller is not appropriate for DVR under fault condition and also 
THD is 12.41 % of fundamental frequency, which is not acceptable as 
per IEEE standards and settled at the time of 0.04 s. The comparison 

between MC and VSI is given in Table 6.

7. Conclusion

The application of a Matrix Converter-based Dynamic Voltage 
Restorer (DVR) integrated with a Sliding Mode Control (SMC) and 
optimized via the Ant Colony Optimization (ACO) technique manifests 
as a highly proficient solution for the rectification of voltage sags. This 
avant-garde technology brings a plethora of enhancements and benefits 
to the domain of power quality improvement. Notably, the Matrix 
Converter-based DVR signifies a substantial leap forward from tradi-
tional voltage source converters, delivering a solution that is both 
compact and efficient. Its adeptness at direct AC-to-AC power conver-
sion obviates the need for intermediary energy storage mechanisms, 
thereby diminishing the system’s complexity, as well as its cost and 

Fig. 15b. Load current maintained by DVR during a 39 % decrease in VL at 120 kW Load.

Fig. 15c. Voltage injected by DVR during 39 % decreased in VL at 120 kW Load.

Fig. 16. THD with SMC.
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physical footprint. The assimilation of SMC into the DVR’s operation 
elevates its performance, ensuring stable and accurate voltage regula-
tion. The SMC, particularly when its parameters are optimized using the 
ACO technique, excels in disturbance rejection and maintains robustness 
amidst parameter uncertainties and varying load conditions. This 
adaptability is crucial for the DVR’s rapid and effective response to 
voltage sags, ensuring the reliability of the power supply to sensitive 
loads. Another salient feature of this integrated system is its support for 
bidirectional power flow, facilitating energy exchange between the grid 
and the load, which enhances power transfer efficiency and enables 
potential energy regeneration, aligning with sustainable operational 
practices. In addition, the Matrix Converter-based DVR, with its SMC- 
ACO framework, extends superior fault ride-through capabilities, rein-
forcing the stability and dependability of the power system during 
voltage disturbances. The swift response and meticulous voltage 

compensation afforded by this system are instrumental in reducing 
production lapses and averting equipment damage, thereby enhancing 
the overall performance of the system and reducing operational in-
terruptions. In conclusion, the amalgamation of a Matrix Converter- 
based DVR with an SMC control strategy, fine-tuned by the ACO tech-
nique, constitutes a highly effective and efficient remedy for voltage sag 
challenges. This innovative technology proffers numerous advantages, 
including compact design, bidirectional power flow, enhanced fault 
tolerance, and steadfast voltage regulation. Its adoption could signifi-
cantly mitigate the adverse impacts of voltage sags, ameliorate power 
quality, and assure the uninterrupted operation of critical loads. Future 
research endeavors should focus on evaluating the scalability of this 
approach for more extensive grid systems, its integration with renew-
able energy sources, and its economic and environmental sustainability 
over prolonged periods. Furthermore, empirical testing under various 

Fig. 17a. Sag voltage with PID under Single-phase Fault.

Fig. 17b. Load Voltage with PID under Single-phase Fault.

Fig. 17c. Voltage Injected by DVR with PID Controller.
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real-world grid scenarios would provide invaluable insights, enabling 
further refinement and customization of the system for widespread 
application.
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