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Power quality improvement using ultra capacitor based dynamic voltage restorer
with real twisting sliding mode control

Introduction. Power quality is a major problem in today's power system, since it may have an impact on customers and utilities.
Problem. Power quality is important issue of financial consequences for utilities, their consumers and load apparatus vendors. Voltage
sag/swell are the most significant and usually occurring power quality issues in a secondary distribution system for sensitive loads.
Goal. Dynamic voltage restorer is a fast, flexible, effective and dynamic custom power device can be used to compensate voltage
sag/swell with integration of energy storage. Ultra capacitors have ideal properties of great power density and low energy density for
elimination of voltage sag/swell. Their performance is mostly determined by the control strategy established for switching of voltage
source converters. Originality. In this research, a strategy for the voltage source converter of dynamic voltage restorer based on the real
twisting sliding mode control and ultra capacitor is developed to correct the fault that successfully eliminates the impacts of voltage
sag/swell. Methodology. Ultra capacitor along with real twisting sliding mode control gives the more robustness and faster response,
with also increasing the compensation time of the dynamic voltage restorer. Testing environment. To evaluate the performance of the
proposed control approach, the MATLAB / Simulink SimPower System tool box is employed. Practical values. According to Simulation
results clearly shows that the ultra capacitor along with real twisting sliding mode control effectively eliminate the voltage sag/swell in a
very short time of 2 ms as compared to IEEE standards that is 20 ms, with less than 5 % total harmonic distortion for sensitive loads as
per Information Technology Industry Council Curve and SEMI-F-47 Standards. References 18, tables 1, figures 8.

Key words: dynamic voltage restorer, power quality issues, sliding mode control, real twisting algorithm, voltage sag/swell.

Bcemyn. Axicmv enexmpoenepeii siensic coooro cepliozny npobnemy 8 CYYACHIl eHepeocucmemi, OCKIIbKU 60HA MOJice BNIUBAMU HA
cnodicusayie ma KoMyHanoHi cyoicou. Ipodnema. Hxicmo enekmpoenepeii € anciuguM RUMAHHAM 3 MOYKU XOPY (QIHAHCOBUX HACTIOKIG
015 KOMYHATIbHUX NIONPUEMCING, IX CRONCUBAYIB MA NOCMAYATLHUKIE anapamypu-Hasanmagxcensv. IIposanu/cmpubku Hanpyau € Haubinbut
ceplo3HUMU npodIeMamu 3 021A0Y HA AKICMb eNeKmpoeHepeii, AKI 3a36udall 6UHUKAIOMb Y GMOPUHHINE cucmemi po3nooiny Ol 4ymaueux
Hasanmadxcenv. Mema. [{unamiunutl 6i0HOBHUK HANpYau — ye WEUOKUL, CHYYKUL, eeKmueHull i OUHAMIYHUL NPUCTDILL HCUBTEHHSA, KU
MOJICHA  BUKOPUCTOBYBAMU O  KOMNeHcayii npoeanie/cmpubkie nanpyeu 3a OONOMO2010 inmezpayii HAKONU4y8aia eHepeii.
Cyneprondencamopu maomo i0eanbHi 61aCMU0Cmi 8UCOKOI WiTbHOCHI NOMYICHOCMI MA HU3LKOI WitbHOCMI enepzii i YCYHeHHs
npoeanie/cmpubkie nanpyeu. Ix egexmuenicmb nepesadcHo GUSHAYACMbCA CIMPAMERICIo YRPAGTIHHE, 6CMAHOGICHOT ONsl KOMYMAyii
nepemeopiosauie Oxcepen Hanpyzu. Opuzinanbvricms. Y ybomy 0ocniodcenti po3pobreno cmpameziio ONisi Nepemeoplosaia odxcepeid
Hanpyeu OUHAMINHO20 8IOHOBHUKA HANPY2U HA OCHOBI KEPYBAHHS PEANbHUM KOB3HUM PENCUMOM CKPYHYBAHHSA Md CYNEPKOHOEHCAmopa Ois
SUNPABNICHHA HECHPABHOCMI, SIKA YCHIWHO YCY8ac HACioKu nposany/cmpubka nanpyeu. Memoodonozia. Cynepkonoencamop pasom i3
KepyBanHaM peanbHUM KO3HUM PelCUMOM CKpyuyeanHs 3abesneyye Oinouty Hadilinicmb ma weuouly peaxyito, a maxkodic 30inbuiye yac
KoMneHcayii ounamiunoo 8ionoeHuxa Hanpyeu. Cepedosuue ona mecmyeanua. /s oyinku egpekmueHoCcmi 3anponoHO8aHo20 nioxooy
00 YNpasiHHA BUKOPUCHIOBYEMbCS KOMNIEKC npocpamtozo 3abesnedennss MATLAB/Simulink SimPower System. Ilpakmuuna yinnicms.
3eiono 3 pezynbmamamu MOOeNIOSAHHA ACHO BUOHO, WO CYNEPKOHOEHCAMOp DA30M 3 KEPYBAHHAM DealbHUM KOG3HUM PedCUMOM
CKPYUY8aHHs eeKmuHoO yCysaioms Nposaau/cmpubKu Hanpyau 3a oysice kopomxuil wac 2 mc 'y nopieuanni 3i cmanoapmamu IEEE, y
6i0nosionocmi 00 AKuX 6in cmanosums 20 mc, i3 3a2aNbHUM CNOMEOPEHHAM 2ApMOHIK Menuie 5 % 0N 4ymaueo20 HA8aAHMAMNCEHHs
610n06ioHo 3i cmandapmamu Information Technology Industry Council Curve ma SEMI-F-47. bion. 18, ta6n. 1, puc. 8.

Kniouosi crosa: nuHamiyHMii BiTHOBHMK HANpPyru, NpodjeMH 3 SIKICTIO eleKTpoeHeprii, KepyBaHHS KOB3HHM pPe:KHMOM,
peaJbHHIi AITOPUTM CKPYYYBaHHS, MPOBAIH/CKAYKH HANPYTH.

1. Introduction. Power quality is a key problem in
today's power system, since it may have an impact on
customers and utilities [1, 2]. The development in the new
technology lead to improve the sensitive load that
presents in the distribution system, these sensitive loads
have badly effected on the quality of power supply. Power
quality frequently occurred due to the problems like
voltage sag/swell and harmonic distortion [3]. According 0%
to IEEE standards, voltage sag is defined by IEEE 1152-
1995 as a sudden reduction in RMS value of the AC
voltage from the 0.1 to 0.9 p.u. during a half-cycle
to 1 min. While the voltage swell is defined as an increase
in rated voltage caused by an abrupt disengagement of the
load or by a highly capacitive load from 1.1 p.u. to 1.8 10%
p-u. for duration of 0.5 cycles to 1 min [4]. These issues L 1 L
voltage sag/swell are small period voltage change that do cycle
not present for more than 1 min as available in Fig. 1 [5].

To eliminate these power quality problems,

compensator (SVCs) and uninterrupted power supply
(UPS), due to its smaller size, fast response, effective and
dynamically behavior [6-8].
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Fig. 1. IEEE Standard 1159-1995 for voltage decrease

Dynamic Voltage Restorer (DVR) is the most efficient
and best solution over other custom power devices like
unified power quality conditioner (UPQC), distribution
static synchronous compensator (DSTATCOM), static var

The DVR contains Voltage Source Converter (VSC)
with ultra capacitor (UC) as battery storage, LC filter,
injection transformer and control circuit, which are
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connected with source voltage and load voltage at point of
common coupling (PCC) as shown in Fig. 2 [9], where R,
Ly are the source resistance and inductance, respectively;
Va4 is DVR injected voltage; V; is load voltage; L, Crare
the filter inductance and capacitance, respectively.
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Fig. 2. DVR component

Various forms of rechargeable energy storage
technologies are contrasted, including flywheels, ultra
capacitors, superconducting magnets energy storage, and
batteries in [10]. The method of ultra capacitors rises the
DVR compensation time as compared to the previous
techniques because of its properties of great power density
and low energy density [11]. It connects to the system to
improve the sag/swell compensation. In [12-14] many
control schemes are discussed for the VSC of DVR to
remove voltage sag/swell, but this has some disadvantage
of depending on mathematical modeling of system and
some stability problem. Therefore, a non-linear sliding
mode controller is introduced as it has advantage of
independent on mathematical modelling of the system, but
it has important disadvantage named chattering effect [15].
To avoid this chattering effect, some algorithms such as
real twisting, super-twisting, optimal, sub-optimal, global,
integral and state-observer algorithms are used in literature
[16-18]. Among these algorithms, real twisting algorithm
has upper hand due to its stability, robustness and more
tracking accuracy with less chattering effect.

The goal of the article. In this research, a control
scheme of real twisting sliding mode controller (RTSMC)
with integration of ultra capacitor is presented for the
voltage source converter of dynamic voltage restorer
using MATLAB/Simulink software package which can
successfully mitigate voltage sag/swell and total harmonic
distortion according to IEEE Standard [5].

2. Mathematical modeling of DVR in distribution
system. Figure 3 depicts the equivalent circuit diagram of
a DVR. In the figure, the distribution system is linked in
series with a DVR, as well as source and load. The
voltage injected by DVR stated as

VL += Vsource + Vdvrs (1)
where Vi, Viuce» Var are the load, source and DVR
voltages, respectively.

Filter parameters Ly and Cy are depicted in Fig. 3.
These filter settings are used to remove the high-
frequency component present in the VSC's AC output.
The filter capacitor is defined as follows:

X dVdvr ]

fe=Cr dt
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Fig. 3. DVR equivalent circuit

By applying Kirchhoff's circuit law at node Z; in
Fig. 3 we have
iy—i,+ic=0. 3)
where i, is the source current; i; is the inductor current of
filter.
By putting i, from (2) in (3), we have

is—iL+cf~dZ%:o. 4)

Equation (4) after the simplification gets the form
AV _ (iL _is) ]
oG
The above equation (5) is the Ist DVR state

equation. For the second DVR state equation, apply
Kirchhoff's voltage law at closed loop (Fig. 3)

®)

Vdvr+VL_Vin:On (6)
where V;, is the VSC AC voltage; V; is the load voltage
diy
Vi=Lp—=. 7
=Lp—g, (7
So, substituting (7) in (6) we have
di
VartLy -5V =0 (®)
After the simplification, we get
dl _ (Vin_Vdvr) 9
= : ©)
dr Ly
Finally, the state space model DVR is
. 0 _L . 0 L .
dr | Vi — 0 Vavr — 0 Vin
Cr Cr

where i; and V,,, are the state variables, while the i; and
V;, are the input variables.

3. Mathematical modelling of ultra capacitor
(UC). The ultra capacitor model consists of equivalent
series resistance (ESR), capacitance and equivalent
parallel resistance (EPR) as shown in Fig. 4. The charging
and discharging resistances of system are represented by
the ESR, while EPR represents the self-discharging losses
of the system.

The UC voltage with the capacitance and resistance
can be described as follows

V(e)=V; -exp(~1/7), (11)
where 7 = R-C is the time constant to determine the
charging and discharging process for some capacitor
initial voltages.
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Fig. 4. UC equivalent model

The change in voltage terminal and the capacitance
are directly proportional to the energy drawn from the UC
expressed as

1

E:E-C(Vl-z—Vf), (12)

where V; is the initial voltage before discharging start;
V;is the final voltage after discharging start.

The total UC system resistance (R,,) and
capacitance (Cy;,) of the UC bank are calculated as
ESR
Rtotal =g/ (13)
np
Ctotal :np 'n_n (14)

S
where n; is the number of capacitor cells in series;
n, is the number of capacitor cells in parallel.

4. Designing of second order real twisting sliding
mode control. There are two steps, which are necessary
for the implementation of sliding mode control. The first
stage is to select the sliding surface. The DVR displays
the desired performance when the state trajectory is
pushed on the specified sliding line. The second stage is
to drive the system's state to reach and remain on the
chosen sliding surface in finite period.

4.1: Sliding surface selection. Create a control
strategy for DVR that is free of system parameters and
load. This approach will be used to eliminate voltage
sag/swell, hence the state vector will be defined as

v
V{}, (15)
v

where ¥V is the state vector; v is the state variable and
v is the first derivative state variable V.

Select which sliding surface that is utilized to adjust
the DVR's VSC AC output voltage for these state
variables. For the chosen method, the change between
reference and load voltage is a sliding surface (S). The
sliding surface is indicated by signal (S) in Fig. 5. As
indicated in Eq. (16), this signal (S) is based on the
computed error voltage (V,.o,)

Verrur = Vre erence Vlaad' (16)

In (16) the sliding surface which comprises the
difference of Vieprence and Vi,,e and after this takes
derivative of this error voltage and finally add it

dv,

S V +k error ,
error dt

A7)
where £ is the gain of feedback.

Real
| Twisting
algorith |

m
Control
Law

Fig. 5. RTSMC block diagram

When detect the error in actual voltage compare the
sliding surface (S) with +c constant quantity. When
comparison is done, then outcomes go through the

multiplexer. Multiplexer is used for applying the
switching law on the desired signal.

4.2 Reachability condition. The following
condition must be satisfied in order to obtain the state
trajectory onto the sliding surface and confirm the
operation's existence

§=0; (18)

§=0. (19)

In a short period of time, the control approach used

here will turn all of the state vectors into a sliding surface.
The switching law that we employ will reveal the system's
stability status while it is in the sliding mode. The
following is the criterion for the presence of sliding mode
S-8=0. (20)

The above equation is basically the Lyapunov
function, used to check the stability condition for the

system stability. Some key points are listed below.

e ifS>0and S <0, then S will be reduce to 0;

e if S<0and S>0,then S will be increase to 0.
4.3 Determination of control law. The switching
law may be expressed as follows

(t) +1,if § > +c; @
X =
—1,if S<—c,

where x(f) is represented as the variable for switching
control; ¢ is the constant for the comparison with faulty
signal.

If we receive x(f) = +1, inverter switch S1 and switch
S4 are turned on as shown in Fig. 6. If we receive x(f) = —1,
inverter S2 and S3 will be turned on as shown in Fig. 6.

LY

J

1\»«11;,1»1”5 ﬁ— Va
Signal RTSMC Vi (Vi Vs Vi)
[ =

Fig. 6. Three phase system with connected DVR

Basically an ideal SMC is working on the infinite
frequency, when the state vector is aimed directly towards
the sliding surface. However, power converters do not have
an infinite switching frequency, that is why the converter
does not operate properly and state vector will not move
towards origin, but keep travelling with the some
discontinuous surface with unwanted oscillation, which is
known as chattering. Therefore real twisting algorithm
(RTA) is utilized in SMC to remove the chattering effect.

The block diagram of SMC along RTA is show in
Fig. 5. When the RTA is apply on sliding surface,
switching law gives the modified input of control Z as
given below

Z=-n- sign(S)— ny - sign(S'), (22)
To remove the undesirable switching components, two

tuning constants »n; and n, are used in the control law of
RTA. The sliding manifold term sign(S), removes the
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switching frequency of components to increase the life of
switches. When the designed sliding surface s is greater or
less than zero, the signum function sign(S) of the sliding
manifold gives the +1 and —1 output respectively. The total
effect of RTA on SMC results in less chattering effect, faster
response and robustness to variation in external parameter.

5. Simulation result and discussion. To test the
efficiency of a real twisting sliding mode control (RTSMC)
for DVR in MATLAB/Simulink, a test system is develop
(Fig. 6). All the parameter detail is given in Table 1.

Figure 6 depicts the suggested distribution system that
used to model and simulate the UC based DVR using the
RTSMC. Three-phase programming source produces voltage
sag/swell in distribution test system, which is then corrected
by DVR. The following analysis is carried out to evaluate the
effectiveness of the suggested control approach.

e voltage sag/swell mitigation;
e Total harmonic distortion.
Table 1
Parameter of distribution test system

No Description of parameters Values
1 |Grid voltage(phase-phase) 400 V
2 |Frequency of system(f) 50 Hz
3 |Impedance of line (R,, L) 0.8929 Q, 16.58 mH
. Linear load:
4 |Loads rating —10kW, 0= 1 kVar
5 |Switching constant +¢ 0.1
6 |Ultra capacitor 40V
7 |LC filter (L; C) 1.8 mH, 5.5 pF
3 Power rating for coupling 100 KVA
transformer
9 |Control action RTSMC
10 [SMC gain y 0.142:10°°
11 |Switching frequency (f;) 10 kHz
. . Ode23tb (stiff/TR-
12 [Solver for simulation BDF2)
13 |Time of sampling 5 us
14 |Filter cutoff frequency 405 Hz
15 |RTSMC tuning gains, #; and n, 0.5 and 0.5

The RTSMC does not provide any switching signal to
run the DVR when the system voltage does not change
(normal state). When the voltage (voltage sag/swell) of the
system deviates from its tolerated range, the controller begins
to operate. RTSMC operates in the following manner:

e detect voltage sag/swell;

e compute the voltage sag/swell (in percentage);

e determine the signal of switching control;

e generate switching signal of pulse width modulation
(PWM) for VSC to activate source and load voltage;

e generations of necessary switching signal
uninterruptedly to ensure that voltage sag and swell is
compensated;

e Terminate the switching PWM signal, when voltage
sag/swell is resolved.

5.1. Voltage sag mitigation. A three-phase balanced
voltage sag of 30 % arises as a result of the rapid switching
ON of sensitive load on the supply side. As shown in Fig
7,a, the occurrence time of this sag begins at 0.1 s and ends
at 0.2 s. To correct the disturbance, the controller is
utilized. If there is no sag during normal operation, no
voltage is introduced. When a fault occurs, the controller
detects the sag and evaluate the sag magnitude.

The problem (voltage sag) is resolved in a relatively
short period (2 ms) compared to the IEEE Standard
acceptable limit of 20 ms. Figure 7,b illustrates that DVR
just injects the missing value. To reduce unwanted high
frequency elements, a low pass filter is used. Figure 7,c
shows the pure and sag-free corrected system voltage.
The voltage corrected Total Harmonic Distortion (THD)
value for phase A, B and Cis 1.13 %, 4.62 % and 4.05 %
respectively, indicating that the harmonic content in the
load voltage is less than the 5 % suggested by IEEE
Standard 1159 1995.

0.15
(a)

'f "‘”“""’“‘W&W&W&W —

0 0.15 025 03

IWMWWWM

(¢)
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Fig. 7. Voltage sag waveform before and after mitigation:
(a) source voltage with 30 % sag;
(b) voltage injected by DVR to mitigate sag;
(c) compensated load voltage
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5.2. Voltage swell compensation. A three-phase
balanced voltage swell of 30 % arises as a result of the
rapid switching ON of sensitive load on the supply side.
As shown in Fig 8,a, the occurrence time of this swell
begins at 0.1 s and ends at 0.2 s.
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Fig. 8. Voltage swell waveform before and after mitigation:
(a) source voltage with 30 % swell;
(b) voltage injected by DVR to mitigate swell;
(c) compensated load voltage

The problem (voltage swell) is resolved in a relatively
short period (2 ms) compared to the IEEE Standard
acceptable limit of 20 ms. Figure 8, illustrates that DVR
just injects the missing value. To reduce unwanted high
frequency elements, a low pass filter is used. Figure 8,c
shows the pure and swell-free corrected system voltage.
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The corrected voltage THD value is for phase A, B, and C is
1.83 %, 4.91 % and 4.51 % respectively, indicating that the
harmonic content in the load voltage is less than the 5 %
suggested by IEEE Standard 1159-1995.

Conclusion. A control scheme of real twisting sliding
mode control with integration of ultra capacitor is presented
for the voltage source converter of dynamic voltage restorer
using MATLAB/Simulink software package which can
successfully mitigate voltage sag/swell and total harmonic
distortion according to IEEE Standard. The ultra capacitors
rise the dynamic voltage restorer compensation time due to
its ideal properties of great power density and low energy
density for elimination of voltage sag/swell and control
mechanism eliminates chattering, while attains a constant
switching frequency. As a result of using real twisting
algorithm in dynamic voltage restorer control, a continuous
control input is generated, which can be contrasted to the
triangular carrier signal to generate pulse width modulation
signals. To evaluate the performance of the suggested
approach, the MATLAB/Simulink SimPower System tool
box is employed. According to simulation results this clearly
shows that the ultra capacitor along with real twisting sliding
mode control effectively eliminates the voltage sag/swell in a
very short time of 2 ms as compared to IEEE Standards that
is 20 ms, with less than 5 % total harmonic distortion for
sensitive loads as per Information Technology Industry
Council Curve and SEMI-F-47 standards.
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