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Abstract - Electric vehicles (EVs) have a main role in reducing
the emission of greenhouse gases in the world. In addition, EVs
will have greater share in future transportation systems, which
will cause an additional load on the electric grid. The Slide Mode
Controller (SMC) topology is used for the improvement of the
power factor in distribution system, for example, home
appliance charger and EVs charger station. Power factor is
diminished in distributed system by connecting EVs to the
system. For solving this problem, Static Var Compensator (SVC)
is employed to the smart grid. For reducing the size of SVC and
making the power factor more stabilized in smart grid, SMC is
suggested.  This paper presents size of SVC capacitor
investigated with and without using SMC through computer
simulations of a 22.9-kv grid.
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I.  INTROUDUCTION

Recently, Electric vehicles (EVs) play a vital role in
reducing the greenhouse gases coming from the
transportation. The increasing utilization of EVs caused
additional loads and power quality problems such as
unbalancing, fluctuation and reducing of power factor on the
power grid. Impacts of a large fleet of EVs are so serious on
the distribution system and the peak load of charging is major
problem in the power system [1]. For charging EVs, majority
of them will utilize home charger when the owners arrive at
home afternoon. Simultaneous EV charging could overload
the grid. In the power system, all power equipment and
industrial inductive loads draw reactive power. Increasing the
amount of reactive power have enormous impact on the
power systems such as generating units, lines, circuit breakers,
transformers, relays and isolators. -
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High reactive power increased the size and cost of equipment,
also reduced the efficiency of the power system [2]. In
distributed systems, the voltage at the load reduces due to
lack of reactive power [3].

In addition reactive load will be lower the maximum real
power capacity of generator, losses and excessive voltage
sags. In such cases, local VAR support suggested using shunt
capacitors; that called reactive power compensation. More
common compensation methods added to capacitor banks of
the system [3]-[4].

Shunt compensation is widely used to improve power
factor and voltage stability.

Shunt compensation are almost same with series
compensation, with the difference that, they inject current to
power system at the point where they are connected. Static
Synchronous Generator (SSG) and Static Var Compensator
(SVC) can cited for shunt compensation.

The SVC is an important component of a flexible AC
transmission system. It provides an effective approach to
correct and increase the power factor, enhance voltage
stability, and increase the power transfer capability when an
unbalanced load happens in the power system for example,
when an EV connected to the grid for charging.

The SVC has fast dynamic characteristics that can support
the effective system voltage following disturbances. Keeping
a reactive power reserve in an SVC during steady-state
operation always needed to satisfy the reactive power
requirements during system dynamics [5]. In the SVC
topologies, there are two types of capacitors for power factor
correction: fixed and automatic. Automatic capacitors are also
known as switched capacitors. They vary the amount of
correction (KVAR) supplied to an electrical system, while
fixed capacitors supply a constant KVAR.

In this area, one concept that has been proposed to control
SVCs is a delta-connected TCR-FC using a PID controller for
power factor correction. However, a PID controller is
complicated in comparison to a Pl controller in a power
system. Also, in an SVC [TCR-FC] system, a capacitor is
constant in the system, and controlling the capacitor value is
impossible, so it is not a good idea for achieving the best
power factor correction [6]. Using an automatic capacitor to
achieve the best power factor in the grid is recommended
because it is very flexible for any loads that change in the grid.
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The basis for the algorithm that is used in this paper to
calculate the compensation susceptances associated with each
phase of a delta connected three-phase SVC for power factor
correction [7]. A fuzzy logic SVC for power factor correction
was presented by Mokhtariet al. [8]. This method is one of the
best and most successful techniques among expert control
strategies. It is an important tool to control nonlinear,
complex, vague, and ill-defined systems, but it is slower than
when a PI controller that is used for SVC.

Different approaches have been proposed to diminish the
voltage distortion in loads when EVs are connected with a
PCC. A selected harmonic compensation method that uses the
discrete  Fourier transforms (DFT) and Asymmetric
Synchronous Reference Frame Controller (ASRFC) has been
proposed [9]. However, the DFT method requires too much
computation and it is not feasible. In addition, using the
SRFC requires knowledge of the leading angle, which
compensates for the system delay.

It is well known that physical systems are nonlinear in

nature. Nonlinear control design methods such as feedback
linearization and sliding mode controllers (SMCs) have been
proven as sound and successful methods in control problems
[10-12]. Transmission lines with SVCs have nonlinear
characteristics. Such systems are controlled using nonlinear
control techniques such as SMCs [13]. SMCs can control
system uncertainties and external disturbances with good
performance [14-16]. The dynamic behavior of the system
and the closed-loop response are two main advantages of the
SMC method [17-19]. It has been successfully applied to
underwater vehicles [20], automotive transmissions, engines,
power systems [10], induction motors [17], robots [16, 18],
electric drives [12, 21], the human neuromuscular process
[22], and elevator velocity [23]. SMC has also been applied to
DC motors in simulations [12, 24, 25].
In this study, an SMC was designed for an SVC connected to
the grid to improve the power factor. The effects of adding
the SMC to the system were investigated. The proposed
scheme was validated through computer simulations of a
22.9-kV grid.

Il. STATIC VAR COMPENSATOR (SVC)

Static VAR systems are applied by utilities in transmission
applications for several purposes. The primary purpose is
usually the rapid control of voltage at weak points in a
network. Installations may be at the midpoint of transmission
interconnections or at the line ends for compensation of
irregular load, voltage, and source power factors in the power
system. SVCs are shunt connected static generators/absorbers
whose outputs are varied to control the voltage and power
factor of the electric power systems. In its simple form, an
SVC is connected as a thyristor switch capacitor-thyristor
controlled reactor (TSC-TCR) configuration, as shown in
Fig. 1. The SVC is connected to a coupling transformer that is
connected directly to the AC bus whose voltage/power factor
source is to be regulated.

TCR % TSC
Fig. 1. Configuration of SVC

A. SVC (V-I) Characteristics

The SVC can be operated in two different modes: voltage
regulation mode (where the voltage is regulated within limits
as explained below) and VAR control mode (where the SVC
susceptance is kept constant). When the SVC is operated in
voltage regulation mode, it implements the following V-I
characteristics. SVC steady-state control characteristics in its
simple form are shown in Fig. 2. As long as the SVC
susceptance B stays within the maximum and minimum
susceptance values imposed by the total reactive power of
capacitor banks (Bcmax) and reactor banks (Blmax), the
voltage is regulated at the reference voltage Vref. However, a
voltage drop is normally used (usually between 1% and 4% of
the maximum reactive power output), and the V-I
characteristic curve has the slope indicated in Fig. 2. [9].
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Fig. 2. SVC steady-state control characteristics.

The V-l characteristic is described by the following
three equations:

V=V, +X,-I SVCisregulationrang (Bc,_ <B<BI_ ) )
Vo 1 SVCis fully capacitive (B=Bc__ )
chax (2)
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where

V: Positive sequence voltage (p.u.)

I: Reactive current (p.u./Pbase) (I > 0 indicates an inductive
current)

Xs: Slope or droop reactance (p.u./Pbase)

Bemax: Maximum capacitive susceptance (p.u./Pbase) with all
TSCs in service, no TSR or TCR

Bimax: Maximum inductive susceptance (p.u./Pbase) with all
TSRs in service or TCRs at full conduction, no TSC

Puase: Three-phase base power specified in the block dialog
box

B. SVC Dynamic Response

When the SVC is operating in voltage regulation mode, its
response speed for a change of system voltage depends on the
voltage regulator gains (proportional gain K, and integral gain
Kj), the droop reactance Xs, and the system strength (short-
circuit level). For an integral-type voltage regulator (K, = 0),
if the voltage measurement time constant Tm and the average
time delay T4 due to valve firing are neglected, the closed-
loop system consisting of the SVC and the power system can
be approximated by a first-order system with the following
closed-loop time constant:

1
1= K -(X_+X_) “)

where
T.: Closed loop time constant
Ki: Proportional gain of the voltage regulator
Xs: Slope reactance p.u./Pbase
Xn: Equivalent power system reactance (p.u./Pbase)

This equation demonstrates that the response is faster when
the gain is increased or when the system short-circuit level
decreases (higher X, values) [9].

I11. DESCRIPTION OF SYSTEM

This fundamental network used for this paper is IEEE 14-

node test feeder [26], as shown in Fig. 3. The network is
downscaled from 22.9 kV to 230 V based on the Korea
standard so this grid topology shows residential fundamental
network. Each node is connected to residential load and some
nodes choose randomly for charging EVs.
Assume that an SVC comprising one TCR bank and three
TSC banks is connected to a 22.9-kV bus via a 333-MVA,
22.9/16-kV transformer on the secondary side with Xy = 15%.
The voltage drop of the regulator is 0.01pu/100VA
(0.03Pu/300 VA). When the SVC operating point changes
from fully capacitive to fully inductive, the SVC voltage
varies between 1 - 0.03 = 0.97 puand 1 + 0.01 = 1.01 pu.
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Fig. 3. IEEE 14-node test feeder

IV. MODELLING OF STATIC VAR COMPENSATOR
IN POWER SYSTEM STUDIES

The SVC provides an excellent source of rapidly controllable
reactive shunt compensation for dynamic voltage control
through  its  utilization ~ of  high-speed  thyristor
switching/controlled reactive devices. In general, the concepts
of TCRs and TSCs are used in SVCs. The TSC provides a
“stepped” response, and the TCR provides a “smooth” or
continuously variable susceptance. Fig. 4. Illustrates a
TCR/TSC including the operating process concept.
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Fig. 4. Single-line diagram of SVC and control system

The control objective of the SVC is to maintain the desired
voltage in a high voltage bus. In steady state, the SVC will
provide some steady-state control of the voltage to impound it
the highest condition at a pre-defined level. When the load is
changed in the power system, the power factor is decreased.
For improvement of the power factor, the SVC will inject
reactive power into the system (within its control limits) to
increase the power factor of the system [9].

When 1.5 times the load is connected between A-phase, like
when EVs are plugged into the system, it causes an
unbalanced load.
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Fig. 5. Power factor of the system when EVs are plugged into the grid with
svC

Fig. 5. Hlustrates the power factor of the system when EVs
are plugged into the grid with an SVC.

As can be seen in Figure 5, the average power factor of the
system is 0.915 or 91.5%, and the upper and lower distortion
in the power factor curve is 0.09 or 9%. The problem of
distortion occurring in the power factor because of plugging
EVs into the system has not been solved [9]. For solving this
problem Slide Mode Controller is suggested.

V. SLIDE MODE CONTROLLER WITH SVC

SMC is a nonlinear control method that uses the state
trajectory on a sliding surface to make the system output
converge to a desired output based on the desired dynamics
[27, 28]. The control rules in the SMC have two stages, as
shown in Fig. 6.
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Fig. 6. Phase plane of SMC [29]

As the sliding surface becomes stable (i.e., lim, , e(t) =0),

the error asymptotically approaches zero as time goes to
infinity [30]. The dynamic equation for the nonlinear system
is given below:
X ™ = £ (x) + b(x)u(t) +d(t) 5)
Where f(x) and b(x) denote the uncertain nonlinear
functions with known uncertainty, and d(t) is the disturbance
that enters the system. The error state vector with desired
state vector Xq (t) is:

X = X ()~ X () (6)

An appropriate sliding surface (which is also called a
switching function) must be defined in the state space in the
design of the SMC. This sliding surface has the following
form:

) X (1) )

Where n is the order of the uncontrolled system and £ is a
positive real coefficient. Second, the control law to adjust the
system to the selected sliding surface must be designated.

SMC in compared ASRFC and HVC Method is fast and
more reliable. Also in ASRFC method for compensation
harmonic in system after improvement power factor is needed
to utilize HVC. In SMC method don’t require to use any
compensation method. In addition SMC is not complicated in
comparison ASRFC [9].

Fig. 7. Shows a block diagram of the SMC with an SVC
connected to the grid.
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Fig. 7. Block diagram of the SMC with SVC connected to the grid

After using the SMC in the SVC, the power factor of the
system is improved to 0.99. Fig. 8. illustrates Power factor of
the grid with SMC.
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Fig. 8. Power factor of the grid with SMC
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Table 1 show the intervals of the power factor in the system
when EVs are connected to the grid for different conditions of
the SVC and size of SVC capacitor with SMC.

As can see Table 1, Step-up SVC with conventional
method improve power factor to 91.5% and reduce Interval of
upper and lower of power factor to 9%. For getting unity

0.2



power factor SMC method suggested to the SVC. With
applying SMC, power factor improve around 99% and reduce
Interval of upper and lower of power factor to 1.5%. Also
after applying SMC in the SVC, size of Csycis reduced from
30uF to 6uF.

Table 1: Intervals of the power factor in the system when EVs are connected
to the grid for different conditions of the SVVC and size of SVC capacitor with
SMC.

SvC SVC with
SMC
Average of power
1.
factor (%) 915 9
Interval of upper and
lower of power factor 9 1.5
(%)
Csvc 30uF G

VI. CONCLUSION

This paper has presented a sliding mode controller for EV
chargers with an SVC connected to the grid. The proposed
SMC was used to improve the power factor of the system.
Connecting an EV charger to the grid decreases the power
factor of the system and makes it unstable, but applying the
SMC to the SVC improves the power factor and stability. The
SMC increased the power factor from 0.83 to 0.99. With
applying SMC in the SVC system, capacitor size of SVC is
reduced from 30uF to 6puF. The proposed controller produces
excellent results compared to the conventional methods.

VIl. REFERENCES

[1] R. A. Verzijlbergh, M. O. W. Grond, Z. Lukszo, J. G. Slootweg, and M.
D. Ilic, “Network impacts and cost savings of controlled EV charging,”
IEEE Trans. Smart Grid, Volume. 3, no. 3, pp. 1203-1212, 2012.

[2] Md Imran Azim and Md Fayzur Rahman, “Genetic Algorithm Based
Reactive Power Management by SVC”, International Journal of
Electrical and Computer Engineering (IJECE) ISSN: 2088-8708,
Volume. 4, No. 2, April 2014, pp. 200~206

[3] Ashfaq Husain, Electrical Power Systems, 5th Edition, CBS Publisher,
New Delhi, India 2007.

[4] Md. Ruhul Amin, Rajib Baran Roy, “Determination of Volume of
Capacitor Bank for Static VAR Compensator”, International Journal of
Electrical and Computer Engineering (IJECE), Volume. 4, No. 4,
August 2014, pp. 512~519

[5] Habibur Rahman, Dr. Md. Fayzur Rahman, Harun-Or-Rashid, “Stability
Improvement of Power System By Using SVC With PID Controller”
International Journal of Emerging ISSN 2250-2459, VVolume 2, Issue 7,
July 2012

[6] M.Mokhtari, S.Golshannavaz, D.Nazarpour, M.Farsadi, “Control of an
SVC for the Load Balancing and Power Factor Correction with a new

Algorithm based on the Power Analysis” Power Quality Conference
(PQC), 2010 First, Page(s):1 — 5, E-ISBN:978-964-463-063-7

[7] Hagh, M.T, Abapour, M, “Fuzzy logic based SVC for reactive power
compensation and power factor correction” Power Engineering
Conference, 2007. IPEC 2007. International, 1241 — 1246,ISBN:978-
981-05-9423-7

[8] Tokuo Ohnishi, Masahide Hojo and Nobuyuki Matsui, “Instantaneous
Line Voltage Controlled Harmonics Compensator” |IEEE International
Conference on Industrial Electronics, Control and Instrumentation.
21st Century Technologies, 22-28 Oct, 2000

[9] Farkoush, Saeid Gholami, Chang-Hwan Kim, and Sang-Bong Rhee.
"THD Reduction of Distribution System Based on ASRFC and HVC
Method for SVC under EV Charger Condition for Power Factor
Improvement." Symmetry 8.12 (2016): 156.

[10] Slotine, J. J. and Li, W., Applied Nonlinear Control. Prentice-Hall,

Englewood Cliffs, NJ, 1991.

Utkin, V. L, “Sliding Modes and their Applications in Variable

Structure Systems”, MIR Publishers, Moscow, USSR, 1978.

Utkin, V. I, “Sliding mode control design principles and applications to

electric drives”, IEEE Trans. Ind. Electron. 40, 23-26 1993.

Ercan KOSE, Hakan KIZMAZ, Kadir ABACI, Saadettin AKSOY,

"Control of SVC based on the sliding mode control method" Turkish

Journal of Electrical Engineering & Computer Sciences, 2014

[14] Utkin, V. L., “Variable structure systems with sliding modes”, IEEE
Trans. Autom. Control 22, 212-222-1977.

[15] Utkin, V. L., “Sliding Modes in Control and Optimization”, Springer-
Verlag, Heidelberg, Berlin, 1992.

[16] Liang, C. H. and Su, J. P., “A new approach to the design of a fuzzy
sliding mode controller”, Fuzzy SetsSyst. 139, 111-124 - 2003.

[17] Lin, F. J., Wai, R. J., Kuo, R. H., and Liu, D. C., “A comparative study
of sliding mode and model reference adaptive observers for induction
motor drive”, Electr. Power Syst. Res. 44, 163-174 _1998.

[18] Park, K. B. and Lee, J. J., “Sliding mode controller with filtered signal
for robot manipulators using virtual plat/controller”. Mechatronics 7,
277-286 , 1997.

[19] Lin, F. J. and Wai, R. J., “Adaptive and fuzzy neural network sliding
mode controllers for motor quick return servo mechanism”.
Mechatronics 13, 477-506 2003 _.

[20] Tae Kyu Ha , Eko Henfri Binugroho , Young Bong Seo and Jae Weon
Choi, “Sliding Mode Control for Autonomous Underwater Vehicle
under Open Control Platform Environment” IEEE Conf. August 20-22,
2008, The University Electro-Communications, Japan

[21] Wai, R. J., Lin, C. M., and Hsu, C. F., “Adaptive fuzzy sliding mode

control for electrical servo drive”. Fuzzy Sets Syst. 143, 295-310 2004.

Lim, C. L., Jones, N. B., Spurgeon, S. K., and Scott, J. J. A,

“Reconstruction of human neuromuscular control signals using a

sliding mode control technique”. Simulation Modelling Practice and

Theory 11, 222-235 -2003.

Sha, D., Bajic, V. B., and Yang, H., “New model and sliding mode

control of hydraulic elevator velocity tracking system” Simulation

Practice and Theory 9, 365-385 2002.

Ghulam Murtaza ,A. |. Bhatti, “Control of DC Motors Using Sliding

Mode” 9th International Bhurban Conference on Applied Sciences &

Technology (IBCAST) Islamabad, Pakistan, 9th - 12th January, 2012

Chern, T. L. and Wu, Y. C., “Design of brushless DC position servo

systems using integral variable structure approach™” IEE Proc.: Electr.

Power Appl. 140, 27-34 1993.

Kodsi, S.K.M.; Claudio, C.A. Modeling and Simulation of IEEE 14 Bus

System with Facts Controllers; Technical Report; University of

Waterloo: Waterloo, ON, 2003.

Anu Rachel Alexander ,H.Brindha, "Sliding Mode Control Based

Improved Linear Sinusoidal Tracer Control Algorithm for

DSTATCOM", Volume. 3, Special Issue 4, IJAREEIE, May 2014

R. Hooshmand, M. Ataei, A. Zargari, “A new fuzzy sliding mode
controller for load frequency control of large hydropower plant using
particle swarm optimization algorithm and Kalman estimator”,

European Transactions on Electrical Power, Volume. 22, pp. 812-830,

2012.

[29] 1. Eker, “Sliding mode control with PID sliding surface and
experimental application to an electromechanical plant”, ISA
Transactions, Vol. 45, pp. 109-118, 2006.

[30] I Eker, “Second-order sliding mode control with experimental
application”, ISA Transactions, Volume. 49, pp. 394-405, 2010.

[11]
[12]

[13]

[22]

[23]

[24]

[25]

[26]

[27]

[28]



