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ABSTRACT  

Most electrical and electronic equipment in industries require high-

quality power to function efficiently. Nonetheless, voltage sags and 

swells are pressing concerns and prone to directly impact the economy 

of industrial customers. One such customer embattled with these 

problems is Mbeya Cement Company Limited (MCC) located in Mbeya, 

Tanzania. These issues mainly are caused by upstream faults and 

switching operations. One way to address these is by utilizing the 

voltage injection method, which employs a power device known as a 

dynamic voltage restorer (DVR). In this paper, the voltage sags and 

swells of balanced three-phase, unbalanced double-line and single-line 

to ground faults are studied. Thereafter, mitigation strategies using the 

DVR are proposed for the MCC. A section of the MCC power 

distribution network fed from Tanzania Electric Supply Company 

Limited (TANESCO) Mwakibete substation with a 33 kV feeder is 

modeled using MATLAB/Simulink environment to mitigate the 

disturbances (sags/swells). The percentage of voltage sags and swells 

logged from the industrial feeder are 11 and 115%, respectively. To 

effectively utilize the DVR device, a control strategy is designed in the 

d-q-o reference frame, whereby the scaled errors between the source 

side of the DVR and its references for sags/swells corrections are 

considered. Simulation results revealed that the DVR performance 

handles both balanced and unbalanced voltage sags and swells by 

injecting the appropriate voltage to the supply, therefore, maintaining 

the load voltage at its nominal value. It can be concluded that the DVRs 

are recommended to be incorporated into the MCC feeders to mitigate 

the upstream disturbances. However, DVR performance comes at the 

cost of energy storage and DVR transformer rating. Further studies are 

encouraged to focus on the DVR performance optimization and cost 

implications. 
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INTRODUCTION 

Electricity is a central part of modern 

society and a cornerstone of global socio-

economic development (Salite et. al., 

2021), powering a wide range of daily 

activities and technologies, while also 

improving productivity, comfort, safety, 
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health, and the economy (Bhonde et. al., 

2018; IEA, 2022). The Sustainable 

Development Goal (SDG) 7 insists on 

access to reliable electricity (IEA, 2022). In 

industries, reliable electricity is essential to 

avoid direct negative economic impact due 

to plant outages caused by unintentional 

trips of electrical protection systems. The 

electric power system that links industries 

is a vast network with generators, 

transmission lines, distribution lines, 

service lines, and consumer loads (Chawda 

et. al., 2020). To achieve adequate power 

quality, all the network parameters must be 

managed so that they remain within 

acceptable voltage ranges. Power quality 

(PQ) in today's power distribution networks 

(PDN) is a crucial concern due to the 

widespread influx of sensitive electrical 

equipment and nonlinear loads present in 

industries (Abas et. al., 2020; Mhagama et 

al., 2021; Tu et. al., 2019). This means that 

the proliferation of sophisticated sensitive 

equipment whose performance is strongly 

dependent on supply quality has made 

power quality a prominent topic of concern 

in this era (Abas et. al., 2020).  

A power quality issue is when a 

nonstandard voltage, current, or frequency 

occurs, causing end-user equipment to fail 

or malfunction (Hossain et. al., 2018). PQ 

can be distinguished based on the cause 

between disturbances related to the quality 

of supply voltage and those related to the 

quality of current taken by the load. Voltage 

quality problems appear as transients, sags, 

swells, flickers, and voltage imbalances, 

impairing the operation of industrial 

equipment with substantial economic loses 

(Awad et. al., 2004; De Almeida Carlos et. 

al., 2018). To address these PQ concerns, 

in PDN, three types of compensating 

custom power devices are widely used – 

dynamic voltage restorer (DVR), 

Distribution Static Compensator 

(DSTATCOM), and unified power quality 

conditioner (UPQC). These compensating 

custom power devices are designed and 

installed at the consumer side to meet 

acceptable voltage characteristics specified 

by international standards such as (IEEE 

Std 1159, 2019; 2018). Among all the 

prominent compensating custom power 

devices, the literature suggests that DVR is 

the most technologically advanced and 

cost-effective device for mitigating voltage 

swells and sags, with the added benefit of 

active or reactive power control 

(Jayaprakash et. al., 2014). The DVR is 

claimed to offer a rapid dynamic and 

economical approach to adjusting voltage 

disturbances, making it a high-performance 

solution for upstream fault prevention (Pal 

& Gupta, 2020). DVRs can adjust for the 

proper magnitude and phase angle of the 

source voltage, eliminating the bulk of 

voltage sags/swells, and they can handle 

voltage harmonic aberrations at the load 

terminals (Biricik et. al., 2019; Shah et. al., 

2024).  

Efforts have been devoted to studying the 

performance of DVR in mitigating load 

disturbances. Hakimzadeh & Sedaghati 

(2013) designed the DVR to mitigate 

single, and double-line-to-ground faults in 

a 230 kV, 50 Hz transmission line. The 

DVR used a pulse width modulation 

(PWM) control system, and its 

performance was evaluated using the 

PSCAD/EMTDC program. Salimin & 

Rahim (2011) designed a DVR with 

a proportional-integral (PI) and fuzzy logic 

controllers to mitigate voltage sags in an 11 

kV distribution line. The model was tested 

against three-phase and double-line-to-

ground faults using MATLAB/Simulink 

software. Soomro et. al. (2020) modeled a 

DVR with a PI controller to an 11 kV 

distribution line using MATLAB/Simulink 

to mitigate voltage sags that emerged in the 

form of harmonics. Sesay et al. (2014) 

employed a DVR with a fuzzy-based 

control scheme in a 33/0.4 kV distribution 

line to prevent voltage sags (which were 

75%). The model was implemented on 

MATLAB/Simulink and simulated the 

three-phase and double-line-to-ground 

faults. Their findings revealed that the 

DVR compensated for the sags and swells 

rapidly and offered better (38.9% 
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improvement) voltage regulation. Gayatri 

et. al. (2016) employed a DVR with a d-q-

o scheme in a solar-wind-based microgrid 

to mitigate voltage sag and swell by using 

MATLAB/Simulink software, for which 

the voltage sag of 74% and swell of 127% 

of the nominal values were observed. With 

the application of DVR, the voltage 

disturbances were reduced and the voltages 

were restored to the nominal values. 

Francis & Thomas (2014) adopted the d-q-

o technique to a DVR to compensate for the 

voltage sags (of 50%) and swells (of 50%) 

during a single-line-to-ground fault and 

three-phase-to-ground faults. The 

application of a DVR managed to reduce 

the sags and swells such that voltage was 

restored to the nominal values during 

faults. Kantaria et. al. (2010) adopted a d-

q-o algorithm to a DVR to mitigate the 

voltage sags and swells. Fanifosi et al. 

(2022) designed a DVR with a PI and d-q-

o technique to mitigate voltage sags in a 33 

kV distribution line. The model was tested 

against three-phase and double-line-to-

ground faults using MATLAB/Simulink 

software.  

All these discussed previous studies have 

focused on mitigating voltage sags and 

swells present in the low-voltage and 

medium-voltage distribution lines. 

Nonetheless, the issues of disturbances 

found in industrial feeders are rarely 

adequately addressed. For example, the 

magnitudes and intervals of sags/swells 

disturbance modeled in the bulk of the cited 

research do not correspond to real-world 

industrial disturbances.  

Therefore, this study models the DVR with 

the d-q-o control technique to mitigate the 

voltage sags/swells disturbances emerging 

in the industrial feeders of Mbeya Cement 

Company (MCC) Limited.  

METHODS AND MATERIALS  

In the first part, the study logged the MCC 

feeder with NRS 048-2:2003 to assess the 

real-world voltage sags/swells industrial 

disturbances. The second part, models the 

MCC feeder and the DVR. The recorded 

features of the voltage sags/swells 

disturbances are then incorporated into the 

study to understand the effectiveness of the 

modeled DVR. The findings of this study 

will pave the way toward designing a finite 

DVR, based on the recorded background 

real-world voltage sags/swells disturbances 

assessment, thus protecting the sensitive 

loads in that industry.  

System Description of MCC Power 

Distribution Networks  

Figure 1 depicts the MCC power 

distribution networks coming from 

TANESCO Mwakibete substation 33 kV 

feeder. At MCC two transformers of 6.3 

MVA, 33/6.3 kV each are used to power 11 

distribution feeder transformers of 6.3/0.4 

kV. Despite being supplied by TANESCO 

with a 33 kV dedicated feeder, MCC has 

observed substantial voltage-related issues 

such as voltage sags and/or swells. To 

capture the sags and swells phenomena at 

MCC, the power was logged with NRS 

048-2:2003 sag/swell assessment 

instrument for two weeks of June 2024 and 

12 months of 2020.  

Figures 2a and 2b indicate the proportion of 

exhibited sags and swells at MCC terminal 

voltage during those periods. The NRS 048 

– 2 is a South African National Standard 

that deals with voltage sags/dips 

classifications based on their 

characteristics, compatibility levels, limits 

and assessment methods (NRS048, 2003). 

The NRS 048 – 2 standard categorizes 

voltage dips as types Y, S, X (X1 and X2), 

T, and Z (Z1 and Z2). These are explained 

as follows. 

Type Y is a very fast decay sag, typically 

characterized by a rapid voltage reduction 

often in a few milliseconds. It is a short 

duration sag usually less than 10 

milliseconds and has high repetitive rate 

often multiple times per second. Sags type 

Y are caused by faults in the power system, 

such as faults in the transmission or 

distribution networks or even faults within 

the customer premises. These fast and 

repetitive sags can be problematic to 
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sensitive equipment such as power 

electronic devices, motor drives or even 

renewable energy systems. Type S is a slow 

voltage dip/sag characterized by a gradual 

decrease in voltage magnitude, typically 

with duration more than 1 minute. Type S 

sags are often caused by overload or faults 

in the distribution system. The slow nature 

of these sags can affect equipment that 

relies on stable voltage supply such as 

motor drives or power electronic devices.  

 

 
Figure 1: MCC power distribution networks.  

Type X1 and X2 are both classified as type 

X, known as interruptible sags. These are 

intentional voltage reductions, usually 

lasting from a few seconds to several 

minutes, implemented by power utilities to 

balance load and generation during peak 

demand periods or when performing 

maintenance. The main distinction of these 

sags lies in the duration and frequency of 

occurrence. Type X1 are short duration 

typically lasting less than one second and 

occurring infrequently while type X2 sags 

are longer duration typically lasting 

between one second and three minutes 

occurring more frequently. Type T are 

transient sags, characterized by rapid 

voltage reduction between 12% and 40% of 

the nominal value typically lasting less than 

one minute, and often caused by faults in 

the power system. This type of voltage sag 

is considered a moderate severity sag and 

its classification is important for the design 

and operation of an electrical system. Type 

Z is defined as voltage sag with a complex 

waveform which can be irregular or 

oscillatory, often featuring multiple 

consecutive voltage reductions with 

varying depths and durations. The main 

distinction between Z1 and Z2 lies in the 

repetition rate and duration of the 

individual sag event within the complex 

waveform. Type Z1 sag tend to be more 

frequent and shorter, while type Z2 are less 

frequent and longer. 
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(a) 

 

(b) 

Figure 2: Event sags and swells recorded by NRS 048-2:2003 (a) 20% displayed for two weeks 

of June 2024; and (b) 1.6% displayed event for 12 months January – December 2020. 

 

As indicated in Figure 2, the MCC power 

distribution network is highly affected by 

upstream faults that occur on the 

transmission line. These faults cause 

sudden drop or increase in voltage 

proliferations. Figure 2a, displays 20% 

recorded events of the sags and swells for 

two weeks of June 2024, with typical 

residual voltage between 14 and 85%. In 

terms of swell, the typical residual voltage 

ranges between 110 and 115%. Figure 2b, 

shows 1.6% recorded voltage sags events 

measured for the reported 12 months of 

2020, with typical residual voltage between 

11 and 88%. In the case of the swells, the 

typical residual voltage is around 112%. 

Majority of events are due to voltage sags 

(approximately 90%). These in turn affect 

MCC operations leading to inefficiencies, 

downtime, damaged equipment, and 

captive power costs.  

This study proposes designing and 

installing DVRs in all seven MCC 

distribution feeders to ensure that MCC-

sensitive loads receive the necessary 

voltage quality, thus improving system 

stability and reliability. 

 

Reference Power Distribution Network  

Figure 1 shows the radial distribution 

network of the MCC. Its power source is 

the TANESCO Mwakibete substation 

switch yard feeding two 33/6.3 kV, 6.3 

MVA step-down transformers. The 

reference power distribution network of 

MCC is Feeder 2, used to simulate the sags 

and swells phenomena. The sags and swells 

simulations are performed under three 

conditions which are: – the normal 

condition, fault condition, and mitigation 

condition. The reference feeder was 

simulated in two cases which are using a 

three-phase (3Ø) balanced main supply and 
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using three-phase two-lines and single-line 

(1Ø) unbalanced voltage supply. The 

voltage unbalance caused by the 

unbalanced upstream faults were adopted 

from the actual reference feeder’s recorded 

deviations shown in Figure 2. Based on 

Figure 2, the severity voltage sag and swell 

of 11 and 115% were taken into 

consideration. 

Mathematical Modelling of Distribution 

Network with DVR 

The distribution transformers at MCC 

(Figure 1), are connected in delta-star type, 

therefore zero-sequence currents on the 

delta side are blocked from passing to the 

star side. Hence, only restoration of 

positive sequence and negative sequence 

voltage is required (Bhonde et al., 2018). 

The winding configuration of the injection 

transformer depends mainly on the 

upstream distribution transformer (Pal & 

Gupta, 2020). For this case, open-delta 

injection transformer (Figure 3) is proposed 

with the advantages of maximizing the 

utilization of DC link voltage (Li et al., 

2007; Zhan et al., 2001). The DVR system 

has two major parts, the power circuit and 

the control circuit. The power circuit 

consists of an injection transformer, a 

voltage source converter, energy storage, 

and passive filters. The series injection 

transformer serves as a conjunction device 

between the DVR and the PDN, thus 

understanding the dimensions and 

characteristics of the PDN is essential for 

its design. This determines the voltage 

source inverter (VSI) ratings, DC capacitor 

ratings, ride-through capabilities, 

compensator ability, and dependability 

(Sasitharan et al., 2008). The characteristics 

to be determined for DVR system power 

circuit design are the following: 

(i) The power (MVA) rating of the 

critical load to be protected, 

(ii) The maximum acceptable voltage 

drops across the injection 

transformer, 

(iii) The severity of the sags/swells in 

magnitude to be compensated, 

(iv) The design of the harmonic filter 

system, 

(v) The selection of the switching 

devices, and 

(vi) The energy storage capacity and the 

voltage restoration control strategy.  

The single-line diagrams of the reference 

MCC distribution network are shown in 

Figures 4 and 5. The DVR is used to 

mitigate the supply voltage disturbances by 

injecting voltage in series with the line to 

achieve disruption-free supply at the load 

terminals. The series converter in Figures 4 

and 5, can be represented by the Equations 

(1) – (6), 

VDVR(ꞷt) = VL(ꞷt) - Vt(ꞷt)              (1)  

where VDVR(ꞷt), VL(ꞷt), and Vt(ꞷt) 

represent the converter injected voltage, 

loads voltage, and the distorted supply 

voltage at the point of common coupling 

respectively. The power rating of the DVR 

can be calculated as follows. 

t DVR LS S S+ =     (2) 

SDVR = SL – St = (S1 + S2) - St  (3) 

Assume the loads at normal operation are 

supplied at load power factor 0.9 lagging. 

Therefore,  

VL(ꞷt) IL˂ɵ = 
1

√3
(𝑆1 +

𝑃1

0.9
).  (4) 

IL˂ɵ is the series current of the feeder 

passing through the DVR, hence its rating 

is given by Equation (5). 

SDVR = √3 IL˂ɵ VDVR    (5) 

The DVR model is depicted as an inverter 

with an LCL harmonic filter where the 

inductance of the injection transformer is 

taken into consideration. Neglecting the 

higher order harmonics, the VSI can be 

represented as an ideal AC source (Vinv), in 

Figure 5 (Equation (6)). 

VDVR = Vinv – IL˂ɵ Zeq    (6) 

The Equation (1) indicates that the load 

voltage depends on the supply voltage at 

PCC and the injected voltage VDVR. 

Equation (6) shows that the restoration 

process must include the restoration of the 

voltage drop within the DVR internal 

impedance. Injection transformer design is 

a very crucial element in DVR as the 
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transformer may reach saturation, 

overrating, and overheating issues 

(Sasitharan et al., 2008). 

 

 

 

Figure 3: The proposed circuit of DVR at MCC feeder 2. 

 

Figure 4: The single-line representation of MCC feeder 2. 
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Figure 5: The simplified single-line representation of MCC feeder 2. 

A parameter that influences the rating of the 

DVR is the severity/maximum single-phase 

and three-phase voltage sag/swell to be 

compensated (Equation (7)), named Vsag.  

Vsag (%) = (1 −
𝑉𝑠𝑎𝑔

𝑉𝑛𝑜𝑚𝑖𝑛𝑎𝑙
) × 100  (7) 

The primary function of the harmonic filter 

is to maintain the allowable level of 

harmonic voltage content produced by the 

VSI. The filter is positioned to reduce the 

switching harmonics produced by the VSI's 

PWM control. Determination of the 

harmonic filter parameters involves 

determining the cut-off frequency fc of the 

filter chosen to be lower than the switching 

frequency fs of the inverter but higher than 

the fundamental frequency fo of the system, 

see Equation (8).  

𝑓𝑐 =
1

2𝜋√𝐿𝑓𝐶𝑓
          (8) 

The value of the inductance Lf is chosen 

based on the desired current ripple. A 

typical range for the inductance is 

calculated using Equation (9). 

𝐿𝑓 = 
Vdc

4∆𝐼𝑓𝑠 
           (9) 

Where Vdc is the DC link voltage, ∆𝐼 is the 

allowable current ripple. The value of the 

capacitance Cf is calculated based on the 

desired cut-off frequency fc by Equation 

(10). 

𝐶𝑓 =
1

(2𝜋𝑓𝑐)2𝐿𝑓
       (10) 

During the voltage sag these energy storage 

devices deliver the required real power. 

The DC-link voltage (Vdc) is approximately 

equal to the peak phase-phase value of the 

supply voltage, and the energy stored E is 

proportional to the square of the rated DC-

link voltage. 

E = 
1 

2
 Cdc 𝑉𝑑𝑐

2    (11) 

During sag compensation the allowable 

change in voltage is given by Equation 

(12). 

3Vinj × iL × ∆𝑡 =    

 
1

2
𝐶𝑑𝑐 × (𝑉𝑑𝑐 

2 − ∆𝑉𝑑𝑐
2 ) = ∆𝐸 (12) 

The rating of the DC-bus capacitor Cdc is 

shown by Equations (13) – (14). 

𝐶𝑑𝑐 = 
6Vinj × iL × ∆𝑡 

(𝑉𝑑𝑐 
2 − ∆𝑉𝑑𝑐

2 )
  (13) 

𝑉𝑑𝑐  ≥ 2√2 × (𝑉𝑖𝑛𝑗)  (14) 

Where Vinj is the injection transformer's 

primary winding voltage. For the MCC 

case, the injection transformer is assumed 

ideal with a turn’s ratio of 1:1. Also the 

injected voltage by the DVR is adopted 

after taking into account the voltage drop 

across the harmonic filter system. The VSI 

voltage rating is selected to ensure that it 

can provide the injection transformer with 

sufficient voltage, and the current rating is 

selected to match the load current. 

Neglecting the interruptions, from 

Equation (7) the severity sag at MCC for 

these two logged power data of 2020 and 

2024 was 11.1% equal to 5.607 kV (line 

voltage). Equations (1) to 14) are used to 

compute the required DVR parameters, 

which are indicated in Table 1.  

 

Table 1: Specifications of the DVR parameters 

Parameters Unit Value 

Grid line 

voltage 
kV 6.3 

DVR control 

voltage 
V 400 

Load power 

rating 
kVA 1,361.11 
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Parameters Unit Value 

DVR power 

rating 
kVA 1,214.20 

DVR voltage 

rating 
V 3,238 

DVR current 

rating 
A 216.50 

Voltage source 

converter 

(VSC) 

 

IGBT/diode, 3 arms 6 

pulses 3.3 kV,  

fs = 10 kHz 

RC filter 

inductance 
mH 1,000 

RC filter 

capacitance 
F 600 

Injection 

transformer 
V 

1:1 (3,238 V: 3,238 

V) 

DC link 

voltage 
kV 9.33 

 

The Proposed DVR Control System 

Design 

Figure 6 depicts the proposed DVR control 

system. The control system employs 

synchronous reference frame (SRF) and 

a pre-sag compensation strategy.  

This strategy can restore the required 

voltage magnitude and the phase shift as 

upstream faults are associated with phase 

shifts. To regulate the VSC switching 

device, the DVR control system should 

perform the following functions: 

(i) Detect the supplied and the load 

voltage disruptions, 

(ii) Detect the supplied voltage angle for 

synchronization, 

(iii) Calculate the reference voltage and 

the compensation voltage value 

required, and 

(iv) Generate the required pulses for 

switching the VSC. 

 
Figure 6: The proposed DVR control system. 

The input voltages ( 𝑉𝑠𝑎, 𝑉𝑠𝑏 , 𝑉𝑠𝑐 ) at the 

PCC, and the load voltages 

( 𝑉𝐿𝑎, 𝑉𝐿𝑏, and 𝑉𝐿𝑐 ), are first transformed 

into the two-phase stationary coordinates 
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using the αβ transformation by applying 

Park's transformation. The sine and cosine 

unit vectors (sinθ, cosθ), which are 

obtained from the widely used grid 

synchronization technique phase-locked 

loop (PLL), are then implemented and 

transferred into the synchronous reference 

frame d-q-0 (Vd and Vq). The sine and 

cosine unit vectors help to keep the source 

voltage vector angular position (θ) in sync 

with the supply voltage. The matrix 

expressions (15) - (23) represent the 

conversion of source voltages from the abc 

frame into the rotating synchronous 

reference d-q-0 frame via the abc-dq0 

conversion. Where (𝑉𝑠𝑎, 𝑉𝑠𝑏 ,  and  𝑉𝑠𝑐)  are 

the RMS of the supply voltage (phase to 

neutral).  

   [

𝑉𝛼

𝑉𝛽

𝑉0

]  =   𝐴 [
𝑉𝑠𝑎

𝑉𝑠𝑏

𝑉𝑠𝑐

]     (15) 

[

𝑉∝

𝑉𝛽

𝑉0

] =

𝑉𝑚√
2

3

[
 
 
 
 1 −

1

2
−

1

2

0   
√3

2
−

√3

2
1

√2
  

1

√2
   

1

√2 ]
 
 
 
 

 [

cos𝜔𝑡

cos (𝜔𝑡 −
2𝜋

3
)

cos (𝜔𝑡 +
2𝜋

3
)

]   

       (16) 

[
𝑉𝑠𝑑

𝑉𝑠𝑞
] = [

cos𝜔𝑡 sin𝜔𝑡
− sin𝜔𝑡 cos𝜔𝑡

] [
𝑉𝛼

𝑉𝛽
] (17) 

Where 𝑉𝑚= √2𝑉𝑠  is the peak phase value. 

Similarly, the actual and reference load 

voltages (𝑉𝐿𝑎, 𝑉𝐿𝑏,  and 𝑉𝐿𝑐)  are 

transformed to get the 𝑉𝐿𝑑,  and  𝑉𝐿𝑞 

components through Equation (18). 

[
𝑉𝐿𝑑

𝑉𝐿𝑞
] = [

cos𝜔𝑡 sin𝜔𝑡
− sin𝜔𝑡 cos𝜔𝑡

] [
𝑉𝛼

𝑉𝛽
] (18) 

Then, the supply voltage scaled error of 

the DVR voltages are obtained in the 

rotating reference frame as per Equations 

(19) – (20). 

𝑉𝑒𝑠𝑑
∗ = 𝑉𝑆𝑑

∗ − 𝑉𝐿𝑑               (19) 

𝑉𝑒𝑠𝑞
∗ = 𝑉𝑆𝑞

∗ − 𝑉𝐿𝑞      (20) 

The reference DVR scaled error load 

voltages are obtained in the rotating 

reference frame as per Equations (21) and 

(22). 

𝑉𝑒𝐿𝑑
∗ = 𝑉𝐿𝑑

∗ − 𝑉𝐿𝑑    (21) 

𝑉𝑒𝐿𝑞
∗ = 𝑉𝐿𝑞

∗ − 𝑉𝐿𝑞   (22) 

The error between the reference and actual 

DVR voltages obtained in the rotating 

reference frame are regulated using two 

proportional-integral controllers. The 

reference DVR voltage in abc frame is 

obtained from the Reverse Park’s 

Transformation taking  𝑉𝑐𝑑
∗  and 𝑉𝑐𝑞

∗  from 

Equation (23), while setting 𝑉𝐶0
∗  as zero.  

[
𝑉𝑑𝑣𝑟𝑎

𝑉𝑑𝑣𝑟𝑏

𝑉𝑑𝑣𝑟𝑐

] =  √
2

3
  

[
 
 
 
     1      0

1

√2

−
1

2
   

√3

2

1

√2

−
1

2
−

√3

2

1

√2]
 
 
 
 

 [

𝑉𝛼

𝑉𝛽

𝑉0

] (23) 

The output is a vectorized signal containing 

three (𝑉𝑑𝑣𝑟𝑎, 𝑉𝑑𝑣𝑟𝑏, 𝑉𝑑𝑣𝑟𝑐) phase sinusoidal 

quantities used in the PWM controller to 

generate gating pulses to the VSC of the 

DVR. The PWM controller at MCC is 

operated with a switching frequency of 10 

kHz.  

 

RESULTS AND DISCUSSIONS 

Simulation of voltage sags and swells 

disturbances on the MCC Feeder 2 was 

done by generating faults using a 3-phase 

fault generator at a feeder connected 

parallel to MCC feeder until the sag 

phenomenon was observed. DVR was 

inserted into the MCC Feeder 2 to restore 

the feeder voltage. Three types of faults 

were generated at the supply side to 

produce the sagging phenomenon which is 

a balanced three-phase fault; single-phase-

to-ground fault and double-line-to-ground 

fault (unbalanced). The total simulation 

time was 0.5 seconds while the sagging and 

swelling phenomena were targeted to 

trigger between 0.15 and 0.35 seconds. In 

both fault conditions, the performance of 

the DVR is analyzed to investigate how 

efficiently it can mitigate voltage sags and 

swells disturbances.  

 

Voltage Sags 
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Figure 7 shows the results of voltage sags 

for the balanced fault (three-phase). As 

shown in Figure 7(a), the first simulation of 

three-phase voltage sag is simulated when 

11% of three-phase voltage sag occurs at 

the MCC Feeder 2. It can further be shown 

that voltage sag is initiated at 0.15 seconds 

and it is kept until 0.35 seconds, with a total 

voltage sag duration of 0.2 seconds. Figure 

7(b) shows the injected three-phase voltage 

from the DVR to MCC feeder 2. The 

voltage injected by the DVR and the 

corresponding load voltage with 

compensation is shown in Figure 7(c). 

After compensation from the DVR, the 

load voltage is kept at 1 pu as shown in 

Figure 7(c). 

Figures 8 and 9 show the results of voltage 

sag for the unbalanced faults (double-line 

and single-line to ground fault). As shown 

in Figure 8(a), the simulation of two-line 

voltage sag is simulated when 11% of two-

phase voltage sag occurs at the MCC 

Feeder 2. It can be shown that a voltage sag 

is triggered for 0.2 seconds (from 0.15 

seconds to 0.35 seconds). The DVR 

injected voltage and load voltage are shown 

in Figures 8(b) and (c).  

Figure 9 shows the simulation of single-

phase voltage for the unbalanced fault. The 

sag simulates 11% of the single-phase 

voltage sag occurring at the MCC Feeder 2. 

The voltage injected by the DVR and the 

corresponding load voltage with 

compensation is shown in Figure 9(b) and 

(c). After compensation from the DVR, the 

load voltages in both two-line and single-

line (Figures 8(c) and 9(c)) are kept at 1 pu. 

In these cases of balanced and unbalanced 

voltage sags, the DVR reacts quickly to 

inject the appropriate amount of positive 

voltage component to correct the supply 

voltage. 

Figures 10 and 11 show the results of 

voltage swell for the balanced and 

unbalanced three-phase faults. In both 

Figures 10 and 11, the amplitude of 

the supply voltage was raised by about 

15% of its working voltage. This means 

that the swell was simulated by 115% of the 

working voltage. The 115% was adopted 

from the most common swell faults as 

recorded in the MCC Feeders (previously 

shown by Figure 2). 

For the balanced three-phase fault, shown 

in Figure 10(a), the supply voltage swell is 

triggered for a duration of 0.2 seconds 

(from 0.15 seconds to 0.35 seconds). Figure 

10(b) shows the absorbed swells voltage by 

the DVR from the disturbed supply voltage. 

It can be seen that the load voltage is kept 

at the nominal value after integrating the 

DVR voltage compensation.  

 
Figure 7: Three-phase balanced sag of 11% of the source voltage waveform (p.u.) (a) under 

sag disturbances; (b) DVR injected voltage; and (c) compensated load voltage waveform.  
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Figure 8: Double-line unbalanced sag of 11% of the supply voltage waveform in (p.u.) (a) 

under sag disturbances; (b) DVR injected voltage; and (c) compensated load voltage 

waveform.  

Voltage Swell 

 
Figure 9: Single-line unbalanced sag of 11% of the supply voltage waveform in (p.u.) (a) 

under sag disturbances; (b) DVR injected voltage; and (c) compensated load voltage.  
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Figure 10: Three-phase balanced voltage swell fault (a) a 15% increase in supply voltage; (b) 

DVR absorbed voltage swells; and (c) voltage waveforms at load after compensation. 

 

In comparison to the case of voltage swell 

presented in Figure 10, Figure 11 simulates 

an increase of 15% of unbalanced three-

phase working voltage. For the unbalanced 

three-phase fault, shown in Figure 11(a), 

the supply voltage swell is triggered for a 

duration of 0.2 seconds (from 0.15 seconds 

to 0.35 seconds). Figure 11(b) shows the 

absorbed swells voltage by the DVR from 

the unbalanced three-phase working 

voltage. It can be seen that the load voltage 

is kept at the nominal value after 

incorporating the voltage from the DVR. In 

this case of voltage swell, the DVR reacts 

quickly to inject the appropriate amount of 

negative voltage component to correct the 

supply voltage swells.

 

Figure 11: Three-phase unbalanced voltage swell fault (a) a 15% increase in supply voltage; 

(b) DVR absorbed voltage swells; and (c) voltage waveforms at load after integrating negative 

voltage component from the DVR. 

 

Table 2: Performance Comparative analysis per phase voltage 

Author Scenario 

% residual voltage 

Nominal 

voltage, VN 

Voltage 

change/ 

Compensated 

amount, 

(a) 



 

Mitigation of Voltage Disturbances in Industrial Power Distribution Networks Using Dynamic 

Voltage Restorers 

212 Tanzania Journal of Engineering and Technology (Tanz. J. Engrg. Technol.), Vol. 44 (No. 2), June 2025 

 

residual 

voltage ΔV 

ΔVC = VDVR, = 

Vsag/Vswell 

Francis & 

Thomas (2014) 

Voltage sag, ΔV = 

50% 

239.6 V 119.8 V +119.8V 

Voltage swell, ΔV 

= 150% 

239.6 V 119.8 V -119.8V 

Kantaria et. al. 

(2010) 

Voltage sag, ΔV = 

40% 

100 V 60 V 40 V 

Voltage swell, ΔV 

= 140% 

100 V 140 V -40 V 

This paper Voltage sag, ΔV = 

11% 

3638 V 400.0 V +3,238 V 

Voltage swell, ΔV 

= 115% 

3638 V 4183.7 V - 545.7 V 

 

To summarize the performance analysis of 

the DVR installed on the industrial feeder, 

Table 2 shows the comparative results 

under voltage sag of 11% and swell of 

115% residual voltage; compared to other 

previous literature. 

 

CONCLUSION  

This paper has proposed designing a finite 

DVR, based on the recorded background 

real-world voltage sags/swells disturbances 

assessment at MCC Limited power 

distribution network. The study logged the 

MCC feeder with NRS 048-2:2003 to 

assess the real-world voltage sags/swells 

industrial disturbances. The severity 

voltage sag and swell of 11 and 115% were 

recorded and used to design a finite DVR. 

A sectional part of the MCC Limited power 

distribution networks fed by TANESCO’s 

Mwakibete substation with a 33 kV feeder 

was modeled using MATLAB/Simulink 

environment to mitigate the disturbance 

sags and/or swells at the terminal of the 

MCC loads. The performance of the 

reference feeder was investigated with and 

without the inclusion of that designed finite 

DVR when there were severe voltage 

disturbances (sags/swells). DVR control 

was based on the d-q-o technique which is 

a scaled error between the source side 

voltage of the DVR and its references for 

sags/swells corrections. It was revealed that 

the finite DVR handles both balanced and 

unbalanced voltage sags and swells by 

injecting the appropriate voltage 

component to the supply voltage and 

maintaining the load voltage at its nominal 

value. The simulation shows that the finite 

DVR performance is satisfactory in 

mitigating voltage sags/swells. The DVRs 

are recommended to be incorporated into 

the MCC feeders to mitigate the upstream 

voltage disturbances, thus protecting the 

sensitive loads in the industry. However, 

this performance comes at the cost of an 

energy source at the DC bus and injection 

transformer rating. Further studies are 

encouraged to focus on the DVR 

performance optimization, cost 

implications, and wider comparison with 

existing literature. 
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