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Simulation-based analysis of dynamic voltage restorer with sliding mode controller
at optimal voltage for power quality enhancement in distribution system

Introduction. Nowadays, power quality issues are of considerable interest to both utilities and end users as they cause significant
financial losses to the industrial customers. Due to this, power quality assurance in power distribution systems is very important,
when considering commercial and industrial applications. Problem Statement. Unfortunately, sudden faults such as sag, transients,
harmonics distortion and notching in the power system create disturbances and affect the load voltages. Out of these, voltage sag
and harmonics seriously affect sensitive devices. Harmonics in the power system cause increased heating of equipment and
conductors, misfires in variable speed drives, and torque pulsations in motors. Harmonics reduction is considered desirable.
Methodology. This paper presents an efficient and robust solution to this problem by using dynamic voltage restorer in series with
distribution system. Dynamic voltage restorer is economical and effective solution for protecting sensitive loads from harmonics and
sag. Control strategy is adopted with dynamic voltage restorer topology and the performance with the proposed controller is
analyzed. Novelty. In this research work modelling, analysis and simulation of dynamic voltage restorer with proportional integral
controller and dynamic voltage restorer with sliding-mode controller at optimal voltage is used to improve the dynamic voltage
restorer performance by reducing total harmonic distortion. Results. The simulation is performed in MATLAB / Simulink sofiware
package and comparative analysis of dynamic voltage restorer with different controllers for distribution system is presented. The
proposed scheme successfully reduced percentage total harmonics distortion and voltage sag using dynamic voltage restorer with
sliding mode controller at optimal voltage which is found to be 0.38 %. References 22, tables 1, figures 19.

Key words: dynamic voltage restorer, sliding-mode controller, total harmonics distortion, voltage sag, power quality
improvement.

Bcemyn. Cv0200Hi numarta skocmi enekmpoenepeii 6UKIUKarmsy 3HAUHUll iHmepec K 071 KOMYHATbHUX NIONPUEMCING, MAK i 0151 KIHYe8uUx
CROJICUBAYIB, OCKIbKU BOHU 3A80AI0Mb 3HAYHUX (DIHAHCOBUX 6MPA NPOMUCTIOBUM CRONCUBAHAM. Y 36 A3KY 3 yum 3a0e3neveHHs SKoCmi
eneKmpoeHepeii 6 PO3NOOUIbHUX CUCTIEMAX € OYIHCE BANCTUBUM NPU PO3TAOI KOMEPYILIHUX ma npomuciosux 3acmocyeéans. Ilocmanosxa
3adaui. Ha scans, panmogi necnpasnocmi, maxi K npocuHu, nepexiowi npoyecu, CHOMEOpeHHs 2aPMOHIK i UIMKU 6 eHepeocucmemi
CMeopIoIoms 30ypeHHs ma 6NIUBAIOMb HA HANPY2Y HABAHMADICENHs. 3 HUX NpOBANU HANpYyeU ma 2apMOHIKU CEplio3HO NIUBAIONMb HA
yymauel npucmpoi. I apmoniku 6 enepeocucmemi GUKIUKAIOMb NOCUIEHUL HAZPI6 0OIAOHAHHS MA NPOGIOHUKIE, NPONYCKU 3aNATIO8AHHS 6
npuBooax i3 3MIHHOI YACMOMOIO 0OEPMAHHS, NYTbCAYIT KDYMHO20 MOMEHMY 6 OBUSYHAX. SHUICEHHS 2APMOHIK B6aNCAEMbCS OANCAHUM.
Memoodonozia. Y yiti cmammi npedcmagneno egpexmusne ma Haoditine pivienHs yici npobaemu 3a 00NOMO2010 OUHAMIYHO20 GiOHOBHUKA
Hanpyau nocio06HO 3 po3noOLIbHOIO cucmemoro. Junamiunutl GiOHOGHUK HANpyau — ye eKOHOMHe md egexmueHe pileHHs O 3aXUCy
YYMAUBUX HABAHMAIICEHb IO 2apMOHili ma nposucany. Ilputinamo cmpamezito Kepysanis 3 MONONO2IEI0 OUHAMINHO20 GIOHOBHUKA HANDY2U
ma NpoaHanizoeaHo egexmueHicmv Hpu GUKOpUCMAnHi 3anpononoganozo kowmponepa. Hoeusma. Y yiii docnionuyexiv pobomi
BUKOPUCITOBYEMBCS. MOOETIOBANHS, AHANI3 MA YUCeNbHe OOCTIONCEHHA OUHAMIYHO20 BIOHOBHUKA HANpYeU 3 NPONOPYIHUM IHMeSPaNbHUM
KOHMpONepoM ma OUHAMIYHO20 GIOHOGHUKA HANpY2U 3 PecYIAmOPOM KOB3HO20 PediCUMy Npu ONMUMANbHIL HANpY3i O NiOGUUEHHS
eexmusHocmi  OUHAMIYHO20 GIOHOBHUKA HANPY2U 30 PAXYHOK 3MEHWEHHS CYMAapPHUX 2apMOMitinux chomeopens. Pezynemamu.
Mooentosanns suxonano 6 npoepamuomy komnaexci MATLAB / Simulink ma npedcmasneno nopieHsanbHull ananiz OUHAMIYHO20 8IOHOBHUKA
Hanpyeu 3 pIsHUMU KOHMpOIepamu Ol PO3NOOUIbYOI cucmemu. 3anponoHo8ana cxema YCHIUWHO 3MEHWUNA GI0COMOK CHOMEOPEHHs
CYMApHUX 2apMOHIK [ Npoeanie Hanpyeu 3a O00NOMO20I0 OUHAMIYHO20 GIOHOGHUKA HANPY2lU 3 DecylamopoM KOG3HO20 PediCUMy Npu
onmumansHiil Hanpysi, akui cmanosums 0,38 %. bion. 22, Tabn. 1, puc. 19.

Knrouogi cnosa: nMHaMivHuii BiTHOBHUK HANIPYTH, PEryjsiTOp KOB3HOI0 PeKUMY, 3arajibHi rapMOHI4Hi CIIOTBOpPEHHS, MPOBAJI
HANPYId, NOKPAIICHHA AKOCTI eJIeKTPOeHeprii.

1. Introduction. Nowadays, power quality issues are
of considerable interest to both utilities and end users as

or compensation can be achieved to remove/cancel out the
disturbances at the load side [1, 2]. Number of customized

they cause significant financial losses to the industrial
customers. Due to this, power quality assurance in power
distribution systems is very important when considering
commercial and industrial applications. Unfortunately,
sudden faults such as sag, transients, harmonics distortion
and notching in the power system create disturbances and
affect the load voltages. Out of these, voltage sag and
harmonics seriously affect sensitive devices. Harmonics in
the power system cause increased heating of equipment and
conductors, misfires in variable speed drives, and torque
pulsations in motors. Harmonics reduction is considered
desirable. Voltage total harmonics distortion (THD) also
plays very important role in a power system and power
quality. According to standard of IEEE 519-1992, the value
of THD should be equal or less than 5 % of the fundamental
frequency. Standard of IEEE 1152-1995 define the voltage
sags root mean square i.e. RMS voltage variation having a
magnitude in between (0.1-0.9) p.u. of value of nominal
voltage and its duration typically varies from 0.5 cycle to
60 s. Installation of custom power device, voltage mitigation

power devices are obtainable each having its own Pros and
Cons for voltage reduction compensation such as
DSTATCOM, Superconducting Magnetic Energy Storage
(SMES), Dynamic Voltage Restorer (DVR) and Static VAR
Compensation (SVC).

DVR refers a controllable voltage source usually
inserted between the sensitive load voltage and network,
which accurately generates a disturbance that perturbs the
sensitive load voltage by inserting the voltage into the
distribution line through a transformer. Lead-acid battery-
powered DVRs are the best and most attractive technology,
providing superior dynamic voltage restoration compared
to shunt-connected devices. The main function of a voltage
source inverter power system equipped with a DVR is to
inject the desired three-phase voltage into the load [3, 4]. In
this paper modelling, analysis and simulation of DVR with
PI controller and DVR with Sliding-Mode Controller
(SMC) at optimal voltage is used to reduce THD to
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improve DVR performance. DVR with SMC at optimal V,
has successfully reduced THD and voltage sag to 0.38 %.

2. Dynamic Voltage Restorer. DVR is a series
connected power electronics switching device and is
connected in series with the distribution line to inject the
desirable controlled voltage. The DVR includes injection
transformer, harmonic filter, voltage source inverter,
control unit and DC storage unit [3-7].

The heart of DVR is the control unit, which is
mainly used to monitor the presence of drop in voltage in
the network and if necessary to compensate/insert the
missing voltage after determining its phase and
magnitude. Control unit has a reference voltage (V)
structure for the purpose of comparison. A three-phase
reference voltage scheme is used as a reference in a
dynamic voltage restorer. However, the V. three-phase
voltage must be needs to synchronize with the load
voltage (VL) to correctly inject the missing voltage based
on magnitude and phase. Simulink diagram for obtaining
the reference waveform of voltage is shown in Fig. 1.

Thiee phase sypply voltage equation
.
o piceiad

Angular Frequency

Vphsart(2/3)

Average Voltage

u(2)*sinfu(1))

Fig. 1. Simulink reference voltage diagram

In the control unit, a Park transformation also known
as direct-quadrature-zero (dg0) transformation has been
used to control the DVR. The 3-phase system is more of a
simplified system, and it can easily be controlled after
transformation from 3-phase abc voltage to two voltage
components i.e. ¥z and V. The ¥, which is zero sequence
components are ignored for simplicity

v, 1 v,
v, =§~|M|~ AR (1)
7 Vv,

where M is as follow
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where w is the angular frequency.

There are two modes of DVR which are given below.

In first injection mode, voltage inject operation has
been done using DVR to correct the sag. While in the
second mode, monitoring operation is usually done in
standby mode [8-10]. So, there is no type of other voltage
is being injected. Injected transformer low voltage side is
shorted using the voltage source inverter. The sag voltage,
DVR voltages and load current are written as

1= (P, +jOL VL 3)
Vpyr =V +(Zsx15)-Vs; 4)
Vsag =Vs —(I1 xZs), %)

where /; is the load current; P;, O, are load active and
reactive powers respectively; V;, Vg are the load and

supply voltages respectively; Zs, I are source impedance
and current respectively; Vpyz is the injection voltage by
DVR and Vg, is sag voltage.

The equivalent circuit of the power system under
study is shown in Fig. 2 and phasor diagram of
distribution system with DVR is shown in Fig. 3 [11, 12].

Z s VD VR

Vs Vs 73 7

Fig. 2. Equivalent circuit of the power system under study

Load Voltage

DVR
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* 0
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Fig. 3. Phasor diagram of distribution network using DVR

3. DVR with PI controller. The DVR plays a key
role in detecting voltage sag events, correcting voltage
sag problems, and generating Pulse Width Modulation
(PWM) trigger pulses. The control unit generates a three-
phase V,.r and compares the V to the V,,r value [13]. An
error signal is generated when voltage is missing from the
power system due to voltage sag. If the difference
between V., missing V; is equal to the error signal, the
DVR starts to work and injects the missing voltage into
the power distribution network. That is, an error signal is
transmitted to the PI controller and then PI controller
output is converted back to a Park transformation. The
signal is transmitted in a discrete pulse width modulation
block. Discrete PWM compares the input three-phase
converted signal to a saw tooth wave and the PWM
generates a pulse to trigger the PWM Vg (voltage source)
inverter with the desired firing arrangement. The DVR
collects the required direct current voltage from the
storage device (e.g. 500 V). A voltage source inverter is
used to invert the DC storage unit voltage to an AC
voltage, and eventually the missing voltage is injected
through a three-phase injection transformer, which is then
connected in series with the distribution line. The phase-
locked loop for a DVR with PI controller is shown in
Fig. 4 and the Simulink model is shown in Fig. 5.
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- Vabc (pu) wt

Sin_Cos
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Fig. 4. Phase Locked Loop for DVR with PI controller
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Fig. 5. Simulink Model of DVR with PI controller

4. Control circuit for DVR with SMC. SMC is a
robust and nonlinear control scheme at which the
arrangement of the controller is being modified in
reaction to the varying state of the system to obtain a
desire result. The control procedure for fast switching is
used and the trajectory of the system is forced to move
along the selected switching area in the state space [14].

There are three major advantages of SMC i.e. model
reduction, performance design and robustness parameters.
The sliding phase (S.P.) at which a system slides and properly
to approach to zero to make the system stable i.e. S =0 (S is
the sliding surface variable). While a system approaches to
sliding phase is known as reaching phase (R.P.) i.e. S # 0.
Equation (6) gives the main equation of SMC

u=—sign($); (6)
S=x+a-x, (7

where S = 0 and « is the variable
X=-a-x, (®)

Reachability phase is very simple and it says that
any controller which obeys SS < 0 will reach to sliding
surface/phase. The system has an inertia due to which the
reaching phase will little bit move forward as shown in
Fig. 6.

X
.
- ~S.P
™
™ X
Chattering S>0¢ R.P
§<0 " Sliding to zero

Fig. 6. Phase plot for actual SMC control

The control law determination of reaching phase is
given below in (9) to maintain the system in the sliding
surface and due to system inertia, the sliding mode
trajectories often chatter back and forth motion along the
sliding surface to reach the system at origin which is a
chattering also known as oscillation [14]. The S and S signs
are always opposite to each other and J|¢| is the switching
function of the voltage source inverter i.e. 1 or —1

1 (on time) for § < 0; 9
i —1(off time)for § < 0.’ ©)

The equivalent circuit of the DVR has been checked
and it is investigated that the DVR can work on the
sliding surface and is following the rule of reaching phase
S-S < 0 to reach at the sliding surface. The tracking error

of injection voltage dynamics, when the system is on
sliding mode, is stable and is given in (10) [4-6]

up =V, -sign(S), (10)

where u, is control input to voltage source inverter; V; is
DVR voltage.

So, the voltage source inverter switches DC storage
unit voltage according to sliding function. SMC was
traditionally defined using the state space formulation and
this practice continuous in sliding mode studies but in recent
studies, sliding mode can also be attained by relay control
system because this approach is very simple [15, 16]. The
relay sliding mode controller does not compulsory any
knowledge of system states and a complete system model
is not required in relay sliding mode controller [17, 18].
SMC has been added at the end of Park transformation or
dq0 to abc transformation. The error signal coming from
dg0 _to_abc transformation will become input of SMC
which is being used to switch the inverter. We have tuned
the SMC to reduce the THD to make our DVR valuable
and effective [19-22]. Phase locked loop for DVR with
SMC is shown in Fig. 7 and its Simulink model is shown
in Fig. 8.

1 #abc !
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s T SNy SENCS
=i PWM
abc_to_dqo =in-cas
Transformatian dq0_to_abc  Sliding Mode
Transformation  Controller
Out1 - abc
dao
ol - H{sin_cas
abc_ta_dqo
Transformation1

Freg

| vabe (pu) we

8in_Cos

Phase locked Loop

Fig. 7. Phase locked loop for DVR with SMC

Fig. 8. Simulink model of DVR with SMC

5. Simulation and results. The power system
parameters selected for the simulation are given in the
Table 1.

Table 1. Power system and DVR parameters

Parameter Value
Line resistance, £ 1
Line inductance, mH 5
Line frequency, Hz 50
Filter series capacitance, F 100
Filer series resistance, Q 1
Load phase voltage, V 220
Load power per phase, W 100
Load inductive reactive power per phase, kVar 0.2
DC supply voltage, V 500
Injection transformer turns ratio 1:1
Load capacitive reactive power per phase, kVar 0.5
Saw-tooth carrier wave frequency, Hz 5500
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5.1. Test system with DVR for distribution
system. Three phase power test system with DVR
coupled with injection transformer is shown in Fig. 9.

The DVR coupling boost transformer is connected in
delta in a voltage source inverter side. The 13 kV, 50 Hz
three phase supply is step up using three phase

transformer star/delta/delta, 13/66/66 kV feeding two
transmission lines. Both transmission lines are step down
to 380 V to drive the sensitive load and non-sensitive
load. The performance of the system with DVR has
been simulated and investigated under three phase short
circuit fault.
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Fig. 9. Test System with DVR

5.2. Distribution system without DVR. The first
simulation did not include a DVR and a three-phase fault
was applied to one of the transmission lines, creating a
voltage sag before the injection transformer through a
fault resistor of 2 kQ. A voltage drop event occurred on
the transmission line for 0.05 to 0.185 s and the fault
reduced the three-phase load voltage, which could disturb
sensitive loads and cause system failure. Also, without a
DVR, the voltage drop increased THD to 5.16 %. The
load voltage obtained in this case is shown in Fig. 10 and
the THD without DVR is shown in Fig. 11.
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Fig. 10. Load voltage during fault without DVR
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Fig. 11. THD during fault without DVR

5.3. Distribution system using DVR with PI
controller. The second simulation is carried out using DVR
based on PI controller which is connected to distribution
system through an injection transformer. We have
investigated that the missing voltage in the distribution line
has been mitigated completely. Furthermore, THD has also
been reduced as per power quality standard to 1.03 % with
DVR with PI controller is shown in Fig. 12. Load voltage
obtained in this case is shown in Fig. 13.
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Fig. 12. THD during fault using DVR with PI controller
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Fig. 13. Load voltage during fault with DVR using PI controller

5.4. Distribution system using DVR with SMC.
The third simulation is being carried out using DVR with
SMC which is connected to mitigate more voltage sag
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margin with reduction in THD. The load voltage obtained
using DVR with SMC is shown in Fig. 14 and THD
obtained in this case is shown in Fig. 15.
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Fig. 15. THD during fault with DVR with SMC

5.5. Selection of optimal V,. for THD reduction.
The fourth simulation of DVR with SMC is based on the
different values of V, to get optimal V, for THD
reduction. The DC storage unit has a main impact on
THD, we have simulated the DVR on different V. values
and analyzed that at 1500 V storage unit, THD has been
reduced to 0.44 %. Furthermore, we have changed the
reference voltage i.e. 385 V and tuned on/off time of
SMC i.e. 0.00001 s and —0.070 s then THD has been
reduced from 0.44 % to 0.38 % as shown in Fig. 16. Load
voltage obtained in this case is shown in Fig. 17 and THD
is shown in Fig. 18.
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Fig. 16. Selection of optimal V. for THD reduction
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Fig. 17. Load voltage using DVR with SMC at optimal V.
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Fig. 18. THD for selected signal during fault using DVR
with SMC at optimal V.

6. Comparative analysis of DVR with different
controllers for distribution system. MATLAB /
Simulink software package is employed to get a
comparison of all the results offered by DVR with
different controllers for distribution system. Initially,
three phase fault has been applied in transmission line to
create voltage sag. This fault has reduced the three-phase
load voltage with increase of THD up to 5.16 %. The
second simulation is carried out using DVR with PI
controller which is connected to distribution system
through an injection transformer. We have investigated
that the missing voltage in the distribution line has been
mitigated completely and THD has also been reduced to
1.03 % using DVR with PI controller. The third
simulation is being carried out using DVR with SMC
which is connected to mitigate more voltage sag margin
with reduction in THD up to 0.95 %. Finally, DVR with
SMC at optimal V, gives reduction of THD up to
0.38 %. The performance comparison of DVR with

different controllers is shown in Fig. 19.
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Fig. 19. Comparative analysis of DVR with different controllers
for distribution system

Conclusions.

In this research paper, dynamic voltage restorer with
PI controller and dynamic voltage restorer with sliding
mode controller at optimal voltage V. is used to enhance
the performance of dynamic voltage restorer by reducing
THD. The effectiveness and performance of the proposed
control scheme under voltage sag condition are examined.
Simulation results shows that percentage total harmonic
distortion and voltage sag are successfully reduced by
using dynamic voltage restorer with sliding mode controller
in distribution system under random fault condition.
Percentage total harmonic distortion during fault using
dynamic voltage restorer with PI controller, dynamic
voltage restorer with sliding mode controller and dynamic
voltage restorer with sliding mode controller at optimal
voltage is 1.03 %, 0.95 % and 0.38 % respectively. It is
obvious that dynamic voltage restorer with sliding mode
controller at optimal value of voltage V. can mitigate the
voltage sag very quickly with minimum percentage total
harmonic distortion as compared to dynamic voltage
restorer with PI controller to keep the voltage balance
under fault events circumstances.
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