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ABSTRACT
There are various static var compensator configurations are available and listed in the literature.
Their performances are evaluatedbasedon their voltage support, dynamic response, losses, cost,
and additional filter requirement, if any. In this paper, efforts are made to improve the dynamic
performance parameter such as rise time, settling time, and peak overshoots. A new topology
with an adaptive controller is presented, in which capacitor and reactor banks are divided in
their binary values and connected in the shunt. Capacitor and reactor banks are operated by
thyristorised switches. Both these banks are operated in closed-loop form as a cascade control.
Amongst these, capacitor bank operates as coarse control, and reactor bank acts as fine control.
For the performance enhancement, a model reference adaptive controller is used. The system
identification toolbox is used to evaluate the mathematical model of the plant with Matlab. The
model’s performance was analyzed deeply by the adaptive controller with different reference
models such as critical, under, and overdamped. The performance parameters such as rise time,
settling time, andpeakovershoot in the formof reactivepower swings, are evaluated andplotted
for different adaptive gains using MIT rules.

Abbreviations: mp: Peak overshoot; QC: Reactive power of capacitor; QL: Reactive power of
inductor; QTBSC: Reactive power of TBSC bank; QTBSR: Reactive power of TBSR bank; tr: Rise
time; ts: Settling time; e: Error; Gc(s): Transfer function of TBSC plant; Gl(s): Transfer function of
Disturbance plant; Gr(s): Transfer function of TBSR plant; SVC: Static VAR Compensator; t:time;
TBSC: Thyristor binary switched capacitor; TBSR: Thyristor binary switched reactor; TSC: Thyristor
switched capacitor; TSR: Thyristor switched reactor; u(t): System input; v(t): System disturbance;
y(t): System output; Ym: Reference model output; Yp: Plant output; γ : Adaptive gain; θ : Theta
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1. Introduction

The electricity demand increases day by day, and ful-
filling it requires installing a new generating station
with a transmission and distribution network. But the
installation of a new generating station in the existing
power system network becomes costly and less feasible.
Also, nowadays, the use of renewable energy sources in
power systems is increasing rapidly and integrated with
the grid. It creates new challenges in the power grid
regarding the dynamic variation in power-frequency
(P-f) and reactive power-voltage (Q-V) control prob-
lems. Also, power electronics devices like converters for
grid integration and controllers in charging stations of
electric vehicles in smart grids cause dynamic varia-
tion, leading to power quality problems. It is not lim-
ited to this, but the distributed generation (DG) in the
microgrid gives a poor performance in reactive power-
sharing. Because in themicrogrid, the reactive power of
each distributed generator depends on the load active

power. There is a need to maintain the balance between
generation and utilization of power along with fulfill-
ing the demand of reactive power in themicrogrid. The
dynamic variation in voltage because of poor manage-
ment of reactive power-sharing in the microgrid can
be resolved through upgrading the existing system by
reducing losses, improving efficiency, and enhancing
the power transfer capability of the system, which will
give a better solution.

To achieve these, there are different types of FACTS
controllers like shunt and series-connected static VAR
compensator, static synchronous compensator (STAT-
COM), unified power flow controller (UPFC), and
interline power flow controller (IPFC), phase angle,
and voltage regulator are available. All these devices
are used with ordinary PI or advanced controllers
with a closed-loop system. Because systems are already
heavily loaded, it requires maintaining system stabil-
ity at the steady-state and dynamic disturbance in the
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power grid. The FACTS controllers with a proper con-
troller like PID, fuzzy logic controller, model predic-
tive control (MPC),model reference adaptive controller
(MRAC), etc., are the best controllers, which gives good
performance at transient and steady-state conditions
in the power grid. Such types of controllers help to
improve the performance of FACTSdevices tomaintain
system stability.

In [1], the emerging use of renewable energy sources
in the electrical power grid is increasing day by
day, and it creates new challenges in the power grid
regarding active power-frequency (P-f) and reactive
power-voltage (Q-V) stability problems which aggra-
vate power quality problems too. These problems
mainly arise due to the extensive use of power electronic
devices for grid integration with renewable energy
sources and nonlinear loads [2]. The FACTS device
plays an important role in maintaining system sta-
bility and improving the grid’s power quality. Also,
in [3], a survey on control strategies like MPC, PI,
PID, Fuzzy control, damping controller, integral linear
Gaussian control are investigated to resolve the prob-
lems which arise microgrid integration with renewable
energy sources. A comparison of static VAR compen-
sator and static synchronous compensator with the
fuzzy logic controller is used for wind farm integra-
tion in power system is presented in [4]. The fuzzy
logic controller is used to damp out oscillation in an
integrated system, and also the dynamic performance
of the controller is investigated and concluded that
the performance of fuzzy controller with static VAR
and static synchronous compensator is improved with
less peak overshoot. In microgrid distributed genera-
tor gives a poor performance in reactive power-sharing.
Because the reactive power of each distributed genera-
tor depends on the active power load in the microgrid.
To improve the performance of reactive power sharing
concern to the microgrid, a droop control method of
reactive power-sharing is analyzed and presented [5].

In the power grid, different application of predictive
model control (MPC) has presented in the literature.
The use ofMPC for power oscillation and transient sta-
bility [6,7], transient voltage collapse by voltage control
with MPC, and protection of the power system [8,9]
has been proposed. In [10],multi-objectiveMPC-based
SVC is presented, and the objective of this paper is to
damp out oscillation and maintain voltage profile at
the desired level with MPC-based SVC. In [11] adap-
tive voltage controller based on double sliding mode
strategies for SVC is used. The SVC with such a con-
troller is used in an isolated power system with wind
and diesel generation to control voltage in an isolated
power system. In [12,13], the mathematical modelling
of MPC-based SVC with a multi-objective function
prevents voltage fluctuation, oscillation, and collapse
is presented. Also, In [14], two different strategies are
presented. The first strategy is the static load shedding

algorithm, and the second is associated with trajectory
sensitivities. In [15,16], the traditional static var com-
pensator based on a PI controller is designed for an
isolated power system under different conditions. GA
andANNwith an optimized PI controller are presented
in [17–19] to control voltage instability. However, the
PID controller gives reasonable results with the genetic
algorithm method for tuning the PID parameters. The
different configurations based on the binary switched
capacitor with fixed tunned PI controller parameter is
presented in [20–23] to compensate for the rapid vari-
ation in the reactive power for different loading con-
ditions. To compensate for reactive power and control
voltage in the power system, SVCwill be an economical
solution [24,25].

In [26], STATCOM, along with MRAC, is presented
to enhance the performance of the grid with wind
energy integration. But considering the cost, STAT-
COM is costlier than SVC [27], adaptive controller with
an observer from SVC presented in [28,29]. The sys-
tem’s behaviour can vary significantly between loading
conditions like Q-V (reactive power and voltage) and
P-F (power and frequency) variations. The controller
used for such a condition may fail or be unable to per-
form optimally. Therefore the design of the controller is
essential to perform optimally with different operating
conditions. In [1], the paper presents the mathemat-
ical modelling of model reference adaptive controller
(MRAC) based VAR compensator.

The analysis and impact of static var compensator
with additional modern controllers used from the dif-
ferent perspectives of engineering problems are pre-
sented in [30]. Also, analysis of different controllers
like traditional PID, Deformation of PID, Non-linear
H∞, variable structure control, optimumvariable range
control, backstepping control, intelligent control, and
inverse system control was reported with a different
engineering problem. The dynamic response of TCR-
based compensator is not sufficient for dynamic reac-
tive power compensation. That’s why a new TCR-
based compensator with feed-forward adaptive control
method is used to minimize the demand of reactive
power from the microgrid is presented [31]. Several
shunts compensating devices are present to improve
power quality and maintain voltage stability in the
power system. But, each has one or other drawbacks
like voltage support, dynamic response, harmonic gen-
eration, additional filters requirement, losses, and cost,
which are presented in graphical form in Figure 1,
which was discussed in [27, 32–38]. These outcomes
of the compensator are summarized as the magnitudes
versus the outcome parameter in the range on 0 to
5, which denotes as; “0”= Zero/Not Required; “1”=
Very Low; “2”= Low; “3”= Moderate/Required; “4”
High; “5”= Very High.

It is observed that there is no one method as an
optimum. Keeping these performance parameters and
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Figure 1. Outcome summary of different shunt compensating devices.

outcome of the compensators, a new topology has
been presented as a thyristor binary switched capaci-
tor (TBSC) bank and thyristor binary switched reactor
(TBSR) bank in a cascade closed-loop operation as
fine and coarse control actions. These capacitors and
reactors are made switchable with the control law gen-
erated by the model reference adaptive controller is
presented in this paper as a solution for dynamic varia-
tion in reactive power and voltage fluctuation in power
systems and smart grid. TBSC-TBSR compensator is
designed in aMatlab Simulink environment along with
the dynamic load. While designing dynamic load, dif-
ferent loading conditions are considered steady-state
load, sudden rise in load, sudden fall in load, and no-
load condition as tracking conditions. Then the system
identification toolbox is used to find out the appropriate
plant model and load model transfer function. Further,
the plant and load model transfer functions are used
to designmodel reference adaptive controller (MRAC).
To design, MRAC needs a reference model. To enhance
the system performance, three different referencemod-
els are considered as under, over, and critically damped.
Here, theTBSC-TBSR compensatorwithMRAC is used
to suppress the dynamic variation in load to improve
performance specifications of the compensator in the
form of rise time, settling time, and peak overshoot
along with different adaptation gains (gamma) with
different damping conditions.

Desirable features:

1. Adaption of system performance is taking place.
At every new occurrence of load disturbance,

controller parameters get adjusted to a new value
until they reach to steady-state condition.

2. It improves system performance tr, ts, and mp
continuously at every new occurrence of load dis-
turbance until it settles to new steady-state values
of controller parameters.

3. It gives good results for fast dynamic load varia-
tions.

4. It is applicable for linear and nonlinear loads also.

2. Proposed topology

In any electrical system, reactive power compensation
plays an important role in controlling voltage profile
and maintaining voltage stability. To achieve this, it
requires fast compensating devices. These fast compen-
sating devices are considered in two parts, one dynamic
and the second static. The dynamic compensator has
been dealt with thyristor binary switched capacitor
(TBSC) while static compensator is dealt with thyristor
binary switched capacitor and thyristor binary switched
reactor (TBSR) as a fine-tuning. Let us consider an
example of an end-user with a distribution system hav-
ing a mixed load. The compensating scheme proposed
for this is with four capacitor banks and four reactor
banks.

The proposed scheme shown in Figure 2 consists
of a capacitor and reactor banks with thyristor as a
switch, which is connected in shunt with load at the
point of common coupling (PCC). The controller gives
the switching signals to the thyristors based on the reac-
tive power demand of the load to switch ON and OFF
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capacitor and reactor banks. TSC and TSR banks are
arranged in binary-weighted sequential steps known as
TBSC and TBSR.

2.1. Structure of The TBSC compensator

Assume the QTBSC is the maximum reactive power to
be compensated and minimum step size allotted is of
QC, then with four stepped switched capacitor banks

and their values are obtained as bellows:

QTBSC = 23QC + 22QC + 21QC + 20QC

QTBSC = 8QC + 4QC + 2QC + 1QC (1)

Where,
QTBSC = Total reactive power of the capacitor bank.
QC = reactive power of smallest capacitor.
If the smallest step value of capacitor bank is

assumed to be QC = 1KVAr then, the total maximum

Figure 2. Proposed topology.

Figure 3. Thyristor binary connected capacitor bank.
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compensation is given by;

QTBSC = 8 ∗ 1000 + 4 ∗ 1000 + 2 ∗ 1000 + 1 ∗ 1000

Then the subsequent binary steps will be as follows;

The binary step [0001] lowest = QC = 1KVAr (2)

The binary step [0010] = 2QC = 2KVAr (3)

The binary step [0100] = 4QC = 4KVAr (4)

The binary step [1000] = 8QC = 8KVAr (5)

All the above capacitor banks used are 3 phase 4 wire
star connected systems and switched IN and OUT with
a thyristor as a solid-state relay. The entire scheme is
shown in Figure 3 schematically.

The four capacitors C0, C1, C2, and C3 have a mag-
nitude in the range of 8421 code. This arrangement
gives 24 switching states as given by Equations 1–5.
The general technical datasheets give the information
that capacitors have a 2% loss based on the loss angle
of the capacitor. Using this technical information, the
details regarding these capacitors are chosen as given
in Table 1.

2.2. Structure of The TBSR compensator

From basic equations (2, 3, 4, and 5), the switching pat-
tern of the capacitor bank is binary stepped with the
lowest step Qc = 1KVAr. There are 16 switched states.
The lowest value of compensation is QC = 1KVAr. It is
the lowest resolution of this scheme. Therefore, what-
ever compensation is required in between 0 to 1KVAr,

Table 1. The technical details of capacitor bank assumption for
Matlab simulation.

Sr. No.
Total VAR
output

The value of
the capacitor

(C) in μf

2% loss of
capacitor in

ohm

Reactance of
capacitor in

ohm

1 1QC = 1000 C0 = 19.90 00.32 160.00
2 2QC = 2000 C1 = 39.81 00.16 80.00
3 4QC = 4000 C2 = 79.62 00.08 40.00
4 8QC = 8000 C3 = 159.24 00.04 20.00

it remains as 1KVAr leading error. Then, this error of
overcompensation (0 to 1KVAr) is further nullified by
fine-tuning arrangements made by once again thyris-
tor binary switched reactor bank (TBSR), showing in
Figure 4.

The four inductors L0, L1, L2, and L3, are connected
in parallel with the TBSC bank, and their magnitude
and switching arrangement are made once again binary
switching pattern. The error in compensation by TBSC
bank in the value of the lowest bank or 1 KVAr assumed
in this case. This 1 KVAr error has been divided once
again by four reactor banks, as shown in Figure 4. In this
case, also switching states becomes a 16. The resolution
of compensation becomes 1

24 .
The total compensation done by the reactors will be

as follows:

QTBSR = 23QL + 22QL + 21QL + 20QL

QTBSR = 8QL + 4QL + 2QL + 1QL (6)

Where,
QTBSR is the total reactive power of the TBSR com-

pensator, and QL is its lowest step value of lagging

Figure 4. Thyristor binary connected reactor bank for fine-tune arrangement.
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Table 2. The technical details of reactor bank assumption for
Matlab simulation.

Sr. No. QTBSR in VAR

The inductor
value used in

Henry

Inductive
reactance (XL)

in ohm

1 1QL = 62.5 L0 = 5.09 1600
2 2QL = 125 L1 = 2.55 800
3 4QL = 250 L2 = 1.27 400
4 8QL = 500 L3 = 0.32 200

power. The smallest step value of the reactor bank is
selected as QL = 62.5VAr.

QTBSR = 8 ∗ 62.5 + 4 ∗ 62.5 + 2 ∗ 62.5 + 1 ∗ 62.5

QTBSR = 1000VAr (7)

The subsequent binary steps for their combination
will be the same as capacitor banks, but the magni-
tude will be 62.5, 125, 250, and 500 VAR’s are spec-
ified in Table 2. These reactor banks are 3 phase, 4
wire systemswith star connected. This TBSRfine-tuned
compensator scheme has been shown in Figure 4.

3. Overall binary switching arrangement of
capacitor and reactor bank

From Figure 2, it is observed that the corresponding
capacitor and reactor banks which are arranged in their
binary values are connected in the shunt. The overcom-
pensation taken place by the capacitor bank is taken
care of by the reactor bank. Both these capacitor and
reactor banks are in cascaded form. The error due to
capacitor bank (TBSC) will act as a set point to reactor
bank (TBSR). This closed-loop arrangement is shown
in Figure 7.

3.1. The feedback configuration system of VAR
generator

The overall capacitor switching arrangement in the
closed-loop is shown in Figure 5, and their linkage is
as given below.

Setpoint: this signal is the set point for which this
configuration works irrespective of load side reactive
power demand. This will give the setpoint value of
reactive power with load-side disturbance rejection.

Load disturbance (QL):The reactive power demand
of the load to be compensated is evaluated by measur-
ing load side voltage, current, and phase angle between
them. The feedback signal will be reactive load distur-
bance (QL)+ leading reactive power supplied by the
capacitor bank (QTBSC). By comparing this signal with
the setpoint, the error signal becomes Error = Qref . −
(QTBSC − QLoad).

4 bit ADC block: The four capacitor banks are to
be switched in or out. These switching signals are gen-
erated by a 4 bit ADC. The error signal is ultimately

converted into switching pulsewidthmodulation signal
as CS0, CS1, CS2, and CS3.

3.2. The feedback configuration system of VAR
absorber

This closed-loop arrangement is the same as in the case
of the switched capacitor bank. The overall compen-
sation effect due to capacitor bank will be taken care
of by reactor bank and operated in closed-loop control
shown in Figure 6.

3.3. Cascade configuration system of VAR
generator and absorber

The VAR generator and absorber are combined and
connected in a cascade configuration, as shown in
Figure 7. The capacitor switched configuration will act
as a coarse controller, and switched reactor will act as
a fine controller. This output of the coarse controller
will serve as a set point to the fine controller. Their
entire scheme of compensation was designed, build,
and simulation results were tested by using Matlab.
The entire system performance is evaluated based upon
the performance criterion tr, ts, and mp. These system
performance parameters can be improved by upgrading
the adaptation gain and reference model. To upgrade
the performance parameters model reference adaptive
controller (MRAC) has been designed, and simulated
results were obtained in the subsequent section.

4. Model Reference Adaptive Controller
(MRAC)

From the design of TBSC and TBSR, it is identified that
the parameters such as voltage and frequency vary, the
compensation goes on changing. Also, capacitors and
reactors are get affected by aging effects. In such a vari-
able parameter environment, conventional tuned PID
will not be sufficient. There must be a sum mechanism
that will vary the PID tuning parameters. In such a sit-
uation, adaptive controllers play an important role in
handling unknown parameter variations due to envi-
ronmental changes, which leads to a nonlinear system.
Also, sixteen possible (2N =24 =16) switching states of
the capacitor banks take place. Hence there are basically
sixteen different transfer function appears at different
situations which are difficult to control by fixed-gain
controllers like PID. To cater this situation, a feedfor-
ward model reference adaptive controller structure is
used and shown in Figure 8.

In this, controller parameters are adjusted by obtain-
ing the error between plant output (Yp) and reference
model output (Ym) as;

e = Yp − Ym (8)
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Figure 5. A feedback configuration system of VAR generator.

Figure 6. A feedback configuration system of VAR absorber.

Figure 7. Cascade configuration system of VAR generator and absorber.

Figure 8. Feedforward mechanism of MRAC.
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Figure 9. Overall MRAC controller structure.

As per MIT rule [39], cost function is defined as;

f (θ) = e2

Z
(9)

Where θ is known as the controller parameter, by
MIT rule, this θ is adjusted such that cost function
is minimized and the parameters variation direction
should be negative.

The control equation for the plant input “u” is given
by:

u = uc∗θ ; where uc = reference input and θ is
adjustment mechanisun variable given by:

θ =
∫

γ ∗Ym∗e (10)

And, γ = variable gain.

dθ
dt

= −γ eYm or θ = −
∫

γ eYm or θ(s)

= −γ e(s)Ym(s)
S

(11)

These function has been represented in Figure 9.
As the system parameter varies, the control function

also varies. It gets adjusted until the error between plant
output Yp and reference model output Ym becomes
zero, i.e. e = Yp − Ym. The response on TBSC, TBSR,
and TBSC+TBSRwill be governed by the nature of the
reference model selected. These plants transfer func-
tions are obtained using a system identification toolbox,
and simulation results are obtained for critically, under,
and over-damped reference models.

4.1. Plantmodel evaluation with system
identification toolbox

With reference to section 3, the TBSC, TBSR, and
combined TBSC-TBSR are designed, and performance
has been evaluated by using Matlab Simulink. A com-
plete Simulink diagram has been designed, and perfor-
mance has been evaluated for transient free switching

of capacitor and reactor bank individually and com-
bined [20–23]. The performance parameters such as
tr, ts, and mp are to be upgraded for fast compensa-
tion with a suitable controller. For the excellent per-
formance of the plant, a good controller is required,
which has been designed based on the mathematical
model. It is difficult to obtain a mathematical model
from the basic principles. To get the model, a system
identification toolbox (SITB) has been utilized. Using
this SITB fromMatlab, a suitable transfer function with
two poles and one zero has been determined as the
numerator and denominator polynomial. The various
test input signals such as step, ramp, pseudo-random
binary signal, and impulse are used to generate the set of
output data parameters. By storing these input-output
data on workspace allows to visualize and analyze the
data. These input-output relationships provide time
constants, delay in response, and the number of poles
and zeros. Hence knowing this information, the sys-
tem transfer function is identified. The accuracy of the
transfer function so determined is verifiedwith the sim-
ulated data of the system, and the validation accuracy of
the transfer function obtained is 99%.

The plant mathematical model in terms of transfer
functions obtained are as follows:

• Thyristor binary switched Capacitor bank (TBSC),
model.

Gc(s) = −0.002073 s + 1.018e−6

s2 + 0.002442 s + 9.914e−7 (12)

It includes the blocks such as analog to digital con-
verter (ADC), transient free switching logic generation,
and thyristor switched binary capacitor bank.

• Thyristor binary switched Reactor bank (TBSR)
model

Gr(s) = −0.03051 s + 1.389e−5

s2 + 0.03944 s + 2.144e−5 (13)
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It includes ADC, switching logic generation block
and thyristor switched binary reactor bank.

• The mathematical model identified for the load dis-
turbance model

Gl(s) = 0.2523 s + 0.0003131
s2 + 0.3782 s + 0.003131

(14)

This transfer function comes from the dynamic load
block.

4.2. Selection of referencemodel

The block of MRAC implemented using MIT rule is
shown in Figure 9. The second-order under the damped
system is oscillatory in nature, giving more peaks and
troughs. The output parameters of the compensator,
which is reactive power or voltage goes on oscillating.
If these oscillations are not damped out in a limited
time period, then it may result in system instabil-
ity. Therefore for ensuring stability, maximum over-
shoot/undershoot must be as low as possible. Ideally
spiking, the response of system should be of step like
in nature which has no transient. Therefore a reference
model is selected having a critically damped second
order system that has no oscillations and performance
is somewhat similar to the first-order response. Hence
basic reference model is taken as;

With critically damping factor (ζ =1).

Gref (s) = 4
(s2 + 4s + 4)

(15)

For experimentation and comparison purposes
other two reference models selected are with under-
damped (ζ <1) and overdamped (ζ >1) are as follows;

With underdamped factor (ζ =0.35).

Gref (s) = 0.2025
(s2 + 1.625s + 0.2025)

(16)

With over-damped factor (ζ =1.8).

Gref (s) = 0.2025
(s2 + 0.315s + 0.2025)

(17)

With natural frequencies of oscillation as ωn =
2, 0.45 and 0.45 rad/sec. respectively.

5. Responses of the compensators TBSC, TBSR,
and TBSC+ TBSR, with MRAC

As mentioned above, simulations are carried out for
TBSC, TBSR, and TBSC+TBSR with different refer-
encemodels. For all these simulations, a reference input
has been used as a step input. The step input function
is one of the conventional standard test signals. Con-
ventionally steady-state errors are calculated by provid-
ing an input function, which goes to zero as the time
approaches infinity theoretically. Here we can find out

Table 3. The performance parameter of TBSC for critically
damped reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSC 50 2.8 4.5 0.0

Figure 10. The response of TBSC with MRAC having critically damped reference model.
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Figure 11. The response of TBSC with MRAC having under a critically damped reference model.

Table 4. Theperformanceparameter of TBSC for underdamped
reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSC 50 2.4 3.5 0.0

Table 5. The performance parameter of TBSC for overdamped
reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSC 50 17.48 84 0.0

Figure 12. The response of TBSC with MRAC having overdamped reference model.
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Figure 13. The response of TBSR with MRAC having critically damped reference model.

Table 6. The performance parameter of TBSR for critically
damped reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSR 50 1.86 100 0.0

Table 7. Theperformanceparameter of TBSC for underdamped
reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSR 50 1.19 100 14%

Figure 14. The response of TBSR with MRAC having underdamped reference model.
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Figure 15. The response of TBSR with MRAC having overdamped reference model.

Table 8. The performance parameter of TBSR for overdamped
reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSR 50 17.84 60 0.0

Table 9. The performance parameter of TBSC+ TBSR for criti-
cally damped reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSC+ TBSR 50 2.6 21.16 0.0

Figure 16. The response of TBSC-TBSR with MRAC having critically damped reference model.



38 S. D. PATIL ET AL.

Figure 17. The response of TBSC-TBSR with MRAC having underdamped reference model.

Table 10. The performance parameter of TBSC+ TBSR for
underdamped reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSC+ TBSR 50 1.588 39.86 0.0

Table 11. Theperformanceparameter of TBSC+ TBSR for over-
damped reference model.

Model used Gamma Selected tr in sec ts in sec mp in %

TBSC+ TBSR 50 14.53 86.5 0.0

Figure 18. The response of TBSC-TBSR with MRAC having overdamped reference model.
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Table 12. Results of MRAC based TBSC for different values of gamma.

Gamma (γ ) tr , ts andmp in sec Critically damped Under damped Over damped

γ = 0 tr (sec) 33.85 33.66 33.66
ts (sec) > 200 > 200 > 200
mp (%) 0 0 0

γ = 0.1 tr (sec) 21.47 20.5 28.9
ts (sec) > 100 60 > 100
mp (%) 0 0 0

γ = 0.5 tr (sec) 12.18 11.00 21.98
ts (sec) 28 25 50
mp (%) 0 0 0

γ = 1 tr (sec) 9.07 7.8 18.9
ts (sec) 20 18 60
mp (%) 0 0 0

γ = 5 tr (sec) 4.5 3.4 13.8
ts (sec) 10 8 60
mp (%) 0 0 0

γ = 10 tr (sec) 3.3 2.4 14
ts (sec) 8 6 50
mp (%) 0 0 0

γ = 20 tr (sec) 2.6 1.9 16.63
ts (sec) 6 4.5 50
mp (%) 0 0 0

γ = 50 tr (sec) 2.8 2.4 17.48
ts (sec) 4.5 3.45 84
mp (%) 0 0 0

γ = 100 tr (sec) 2.5 2.17 14.9
ts(sec) 4 2.8 40
mp (%) 0 0 0

Table 13. Results of MRAC based TBSR for different values of gamma.

Gamma tr , ts andmp in sec Critically damped Under damped Over damped

γ = 0 tr (sec) 0.40 0.40 0.41
ts (sec) > 200 > 200 > 200
mp (%) 0 0 0

γ = 0.1 tr (sec) 0.439 0.439 0.437
ts (sec) > 200 > 200 > 200
mp (%) 0 0 0

γ = 0.5 tr (sec) 27.05 26.74 31.4
ts (sec) > 200 > 200 > 200
mp (%) 0 0 0

γ = 1 tr (sec) 17.35 17.121 24.41
ts (sec) > 200 > 200 > 200
mp (%) 0 0 0

γ = 5 tr (sec) 4.84 1.94 18.44
ts (sec) > 200 > 200 > 200
mp (%) 0 0 0

γ = 10 tr (sec) 3.01 1.6 17.72
ts (sec) > 200 > 200 > 200
mp (%) 0 4.5 0

γ = 20 tr (sec) 2.4 1.42 15.12
ts (sec) > 200 > 200 > 200
mp(%) 0 9 0

γ = 50 tr (sec) 1.86 1.192 17.84
ts (sec) > 200 > 200 60
mp (%) 0 14 0

γ = 100 tr (sec) 1.17 0.594 14.34
ts(sec) 160 160 45
mp(%) 0 17.3 0

the system response parameter such as tr, ts, and mp.
These time response specifications are obtained where
input changes suddenly from zero to one and then one
to zero. Applying repeated such sequence, it becomes
the square wave input. In adaptive control systems, the
plant performance must track the reference input in
accordance with the reference model. This will be a
representation of sudden load disturbance demand.

5.1. Response of TBSC compensator

5.1.1. Referencemodel with critically damped
(ζ =1)

The plot is shown in Figure 10. It is a plot of refer-
ence model output and plant model output v/s time.
The different performance parameters are shown in
Table 3.
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Table 14. Results of MRAC based TBSC-TBSR for different values of gamma.

Gamma tr , ts andmp in sec Critically damped Under damped Over damped

γ = 0 tr (sec) 2.66 3.06 3.061
ts (sec) 10 10 10
mp (%) 0 0 0

γ = 0.1 tr (sec) 3.04 2.984 3.02
ts (sec) 10 8 > 80
mp (%) 0 0 0

γ = 0.5 tr (sec) 2.96 2.66 3.2
ts (sec) 7 5 40
mp (%) 0 0 0

γ = 1 tr (sec) 2.87 2.5 3.5
ts (sec) 6 30 40
mp (%) 0 1.4 0

γ = 5 tr (sec) 2.4 2.03 7.5
ts (sec) 15 30 50
mp (%) 1.2 2.9 0

γ = 10 tr (sec) 2.18 1.8 5.83
ts (sec) 12 30 60
mp(%) 1.4 3.2 0

γ = 20 tr (sec) 1.9 1.6 9.4
ts (sec) 8 30 60
mp (%) 1.2 3.3 0

γ = 50 tr(sec) 2.56 1.58 14.42
ts (sec) 21.16 39.86 86.5
mp (%) 0 3.3 0

γ = 100 tr (sec) 1.6 1.3 13.14
ts (sec) 4 28 50
mp (%) 0 3.3 0

5.1.2. Referencemodel with underdamped
(ζ =0.35)
The plot is shown in Figure 11, and the different perfor-
mance parameters are shown in Table 4.

5.1.3. Referencemodel with over-damped
The plot is shown in Figure 12, and the different perfor-
mance parameters are shown in Table 5.

5.2. Response of TBSR compensator withMRAC

The response of the thyristor binary switched reac-
tor is obtained with MRAC having different reference
models, as used in TBSC and listed as bellow:

5.2.1. Referencemodel with critically damped
The plot of plant output Yp and reference model Ym is
shown in Figure 13. The different performance param-
eters are listed in Table 6.

5.2.2. Referencemodel with underdamped
Plant and reference model output parameters Yp and
Ym are plotted in Figure 14. The different performance
parameters are listed in Table 7.

5.2.3. Referencemodel with overdamped
Plant and reference model output parameters Yp and
Ym are plotted in Figure 15. The different performance
parameters are listed in Table 8.

The different performance parameters are listed in
Table 8.

5.3. Response of TBSC+ TBSR compensator with
MRAC

In this case, TBSC andTBSR are cascaded together with
MRAC, and results are obtained for different reference
models as previously done.

5.3.1. Referencemodel with critically damped
Plant output Yp and reference model output Ym are
shown in Figure 16. The different performance param-
eters are listed in Table 9.

5.3.2. Referencemodel with underdamped
Plant output Yp and reference model output Ym are
shown in Figure 17. The different performance param-
eters are listed in Table 10.

5.3.3. Referencemodel with overdamped
Plant output Yp and reference model output Ym are
shown in Figure 18. The different performance param-
eters are listed in Table 11.

6. Response of the plant for different values of
adaptation gain gamma (γ )

From equations 10 and 11, it is found that the per-
formance of the plant is influenced by the adaptation
gain gamma. For different values of gamma, the per-
formance of MRAC based VAR compensator (TBSC,
TBSR, and TBSC-TBSR) for the three different refer-
ence models are shown in Tables 12–14.

It is observed from Tables 12–14 that, as the value
of adaptation gain gamma increases from 0 to 100, the
system response gets improved.
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Figure 19. Comparison of MRAC TBSC for different values of gamma with rise time.

Figure 20. Comparison of MRAC TBSR for different values of gamma with rise time.

Figure 21. Comparison of MRAC TBSC+ TBSR for different values of gamma with rise time.
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Figure 22. Comparison of MRAC TBSC for different values of gamma with settling time.

Figure 23. Comparison of MRAC TBSR for different values of gamma with settling time.

Figure 24. Comparison of MRAC TBSC-TBSR for different values of gamma with settling time.
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Figure 25. Comparison of MRAC TBSC for different values of gamma with peak overshoot.

Figure 26. Comparison of MRAC TBSR for different values of gamma with peak overshoot.

7. Comparison of controller performance for
different values of adaption gain gamma

Adaption gain gamma is the key parameter which gov-
erns the performance of the plant. All the three plants
TBSC, TBSR, and TBSC+TBSR, are simulated with
three different reference models, and in each case, tr, ts,
and mp values are measured. Each performance spec-
ification is plotted with varying gamma in the range
of 0 to 100 for different MRAC models as critically,
under, and overdamped conditions. The variations in
these parameters are shown in Figures 19–27.

While Figures 19–21 show the rise time performance
parameter plot of TBSC, TBSR, and TBSC+TBSR
plant for different adaption gain gamma with different
reference models, such as critically, under, and over-
damped. It observed that rise time for critical, under,
and overdamped reference models are somewhat the
same, and as gamma increases and rise time goes
decreases.

The settling time performance parameter of TBSC,
TBSR, and TBSC+TBSR plant is plotted in

Figures 22–24 for different adaption gain gamma with
different referencemodels, such as critically, under, and
overdamped.

The peak overshoot performance parameter of
TBSC, TBSR, and TBSC+TBSR plant is plotted in
Figures 25–27 for different adaption gain gamma with
different referencemodels, such as critically, under, and
overdamped.

8. Testing of systems adaptations for square
wave pulses

The main aim of using model reference adaptive con-
troller is that plant response should follow the reference
model. By observing Tables 12–14, the reference model
that gives the best performance is critically damped. To
check this, a train of square wave pulses is applied. This
has an ON period of 25 s and anOFF period of 25 s. For
this square wave pulse, the adaptation of TBSC, TBSR,
and TBSC+TBSR has been tested, and performance
plots are given as below:
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Figure 27. Comparison of MRAC TBSC-TBSR for different values of gamma with peak overshoot.

8.1. Adaptive performance of VAR generator (TBSC) for square wave input with critically damped

Figure 28. Adaptive performance of VAR generator (TBSC) for square wave input with critically damped.
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8.2. Adaptive performance of VAR absorber (TBSR) for square wave input with critically damped

Figure 29. Adaptive performance of VAR absorber (TBSR) for square wave input with critically damped.

8.3. Adaptive performance of VAR generator and absorber (TBSC+ TBSR) for square wave input with
critically damped

By observing the Figures 28–30 and Tables 15–17, it is noted that as time progresses the performance parameter
such as tr, tsand mp improves considerably, means the system is adapting towards the reference model.

Figure 30. Adaptive performance of VAR generator and absorber (TBSC+ TBSR) for square wave input with critically damped.
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Table 15. The adaption performance Parameter of VAR gener-
ator (TBSC) for critically damped reference model with square
wave input.

Instant tr in sec ts in sec mp in %

Critical damped

At (0.0 sec.) 02.80 04.80 Nil
At (50.0 sec) 01.37 04.50 Nil
At (200.0 sec) 00.93 03.39 Nil

9. Significance improvement and comparison
of the performance parameters

The performance of a static var compensator system
mainly depends upon the control action taken by the
controller. The parameter considered in this regard is
tr, ts, and mp. In the rapid expansion of power sys-
tems, a load is becoming nonlinear in nature day by day.
Also, because of large variations in the environmen-
tal condition such as temperature, humidity, and aging,
the inductance and capacitance of the plant goes on
degrading their rated values which leads to the develop-
ment of adaptive controllers. These adaptive controllers
are most suitable in case of change in loads, iner-
tia, and drastic change in system parameters, unpre-
dictable loads, faults, and disturbance. Several papers
are reported regarding the MRAC with auto-tuning of
PID controllers and fuzzy-neural –PID. To enhance the
performance of SVC by the model reference adaptive
controller based self-tuning adaptive neural controller
was discussed in [40]. A comparative review of an adap-
tive control scheme for improving the system dynamics
was considered in [41].

In [40], the performance enhancement parameters
such as tr, ts, and mp of compensating variables are
evaluated by considering a stepped load concept. The
controller used as a model reference adaptive con-
troller based on self-tuning PID. In this paper, voltage
responses for different stepped loading conditions are
plotted. Two adaptive controllers used for compari-
son are ANN and ANN-PID. The rise time increases
from 0.487 sec to 0.863 sec. While settling time varies
between 1.0848 sec to 3.684 sec, and peak overshoot
varies from 5.11–18.82%. Comparing these results with
themethod proposed in this paper is much better. Also,
in [42,43], the effect of adaptation gain on the second-
order system was considered. By observing the time
response plots for output shows a considerably larger
time duration is taken for performance specification.
Also, it is observed that the overshoot results in oscilla-
tion due to these system voltage oscillations, whichmay
lead to a dangerous situation. By choosing the proper
reference model, these oscillations are suppressed in
this paper.

In this paper, the value of peak overshoot is zero,
which indicates no oscillations. A typical case of square
input after 50 sec shows the rise time as 0.014, and after

Table 16. Adaptive performance of VAR absorber (TBSR) for
critically damped reference model with square wave input.

Instant tr in sec ts in sec mp in %

Critical damped

At (0.0 sec.) 01.860 > 25.00 Nil
At (50.0 sec) 00.014 > 25.00 Nil
At (200.0 sec) 00.006 > 25.00 Nil

Table 17. Adaptive performance of VAR generator and
absorber (TBSC+ TBSR) for critically damped reference model
with square wave input

Instant tr in sec ts in sec mp in %

Critical damped

At (0.0 sec.) 02.55 21.00 00.01
At (50.0 sec) 01.87 20.50 Nil
At (200.0 sec) 00.91 15.70 Nil

200 sec, it gives 0.006 sec. A complete analysis of perfor-
mance specifications is given based on adaptation gain
(gamma) variation between 0-100. The MRAC scheme
is most suitable in the case of varying the plant param-
eters and nonlinear types of loads. The performance
of the system mainly depends on the adaptation gain
gamma. The value of the adaptation gain to be chosen
carefully to obtain the best performance.

10. Conclusion

A reactive power compensator as SVC having four
switched capacitor banks (TBSC) in binary weightage
is designed. The mechanism of the closed-loop con-
trol is achieved. The TBSC compensator is acting as a
coarse controller. There will be an error of lowest step
value of TBSC bank takes place. The error in com-
pensation is 1

24 ∗100 = 6.25%, or conversely, the net
compensation has done due to coarse control action is
93.75%. This leading reactive power error is once again
compensated by lagging reactive power absorbed by a
binary-weighted reactor bank divided into four steps
(TBSR). This part of the system is acting as a fine con-
trol. So, in all, the number of a switched steps becomes
eight, and error in compensation becomes 1

28 = 0.39%
or net compensation takes place as 99.61%. Both these
compensators are connected in cascade form, and sim-
ulation results are presented.

A feedforward MRAC is used to improve the sys-
tem performance, and performance specifications are
evaluated for different referencemodels such as critical,
over, and underdamped conditions. The performance
specifications, such as tr, ts, and mp, are tabulated by
using MRAC with varying adaptation gain. Perfor-
mance parameters for all the three systems with the
mathematical model identified are analyzed and listed.
These performance parameters are obtained for differ-
ent reference models as well as for different adapta-
tion gain gamma. The combined TBSC+TBSR with
MRAC works well and adapts, giving the improved
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performance in time response specifications as time
progresses. This has also been shown by using a square
wave train of pulses as input and improved rise time and
settling time parameters tabulated. This system shows a
considerable improvement in the response time, which
ultimately, fast compensation of reactive power takes
place.
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