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Abstract: An online auxiliary control was designed for Static Var Compensator (SVC) to improve the poorly damped
oscillations in multi-machine power system subjected to small and large disturbances. This paper presents auxiliary control
based on Adaptive NeuroFuzzy (ANF) control using triangular membership function. Such a model free based control does
not require any prior information about the system and is robust to system changes quickly. To minimize the cost function and
to tune the parameters of the antecedent and consequent part of the proposed control, a Gradient Descent (GD) learning
algorithm is used. The time domain simulation results were carried out for two machine test system for four different cases. In
order to exploit the performance and robustness of ANF control, the results were compared with conventional PI and no
control. Simulation results and performance indices reveal that the proposed control outperforms during various fault
conditions and hence improves the transient stability to a great extend.

Keywords: Static Var Compensator, Muti-Machine Power System, Adaptive Neurofuzzy,
Triangular Membership Function, Gradient Descent Learning Algorithm

Power System Stabilizers (PSS) were used to damp out the
electromechanical oscillations but these stabilizers do not
give satisfactory damping in inter-area mode [4-5]. When
system operating condition changes vigorously, PSS was not
able to cope with these changes as it is designed for a
particular operating point.

The developments in the field of power electronics
technologies have resulted in the use of Flexible AC
Transmission System (FACTS) controllers in power system.
With the introduction of FACTS controllers, transmission
lines can be loaded up to its thermal limits and therefore
avoid installation of new transmission lines. FACTS
controllers with an appropriate external control design have
a great potential to efficiently improve the poorly damped
oscillations [6-8]. The main FACTS controllers are: Static
Var Compensator (SVC), Static synchronous Compensator
(STATCOM), Thyristor Controlled Series Capacitor (TCSC),
Phase Shifting Transformer (PST), Static Synchronous
Series Comparator (SSSC) and Thyristor Controlled Series
Reactor (TCSR).

SVC is one of the most commonly used FACTS controller
which helps in providing fast reactive shunt compensation

1. Introduction

For years, it has been observed that transient stability and
damping of low frequency electromechanical oscillations of
complex power system can be improved by providing
appropriate shunt compensation. Shunt compensation
changes the electrical characteristics of the network by
injecting reactive power and thus make it more compatible
with the changing system conditions [1]. Reasons for low
frequency oscillations are sudden load changes, line
switching and bulk power transmission over long distances
etc. As a result some synchronous generators in
interconnected system force to accelerate and some to
decelerate against each other in the same vicinity or distant
location, creating a speed mismatch among them.
Electromechanical oscillations are either inter-area or local
mode, ranging from 0.1 to 0.7 Hz and 0.7 to 2 Hz,
respectively [2]. If efficient damping control mechanism is
not provided, these oscillations start to grow up with time
and reduce the power transfer capacity of lines by
demanding higher safety margins [3]. Conventionally,
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on transmission lines [9]. SVC controls reactive power by
controlling the susceptance of passive devices. System
voltage is controlled by controlling the reactive power and
hence indirectly active power is controlled which results in
damping of electromechanical oscillations [10-15].
Damping of electromechanical oscillations can be achieved
through designing of appropriate external control for SVC.
Proportional Integral (PI) and Proportional Integral
Derivative (PID) controllers are the most frequently used
conventional techniques available as an SVC external
control. PI controller is the other commonly used scheme
[16, 17]. Although the PI controllers present ease and
simplicity of design, but their operating condition becomes
less effective when the system conditions vary extensively
or large disturbances take place [18]. To circumvent these
drawbacks, recently, Fuzzy Logic Controllers (FLCs) and
Artificial Neural Network Controllers (ANNCs) have been
used for oscillations damping control in the power systems
[19-23]. But majority of these artificial intelligence based
control for SVC are designed for linearized power system
and its control parameters are updated off-line. As power
system is highly nonlinear and any vagueness in the system
can drastically change its operating point. So these linear
control designs may not give better performance under such
circumstances.

In the majority fuzzy control strategies, constant control
gain factor is used for a particular operations condition [24].
One disadvantage of the constant gain factor approaches is
that the controller designed under a certain situation might
become less efficient for other operating conditions due to
unnecessary and excessive control action. In [25, 26], a
fuzzy logic and an adaptive fuzzy logic based damping
control approach are used for SVC. The advantage of
adaptive fuzzy control scheme is that the parameters of
fuzzy logic are tuned online according to the changes in the
operating condition of the system. Also, a more effective an
adaptive neuro-fuzzy control strategies have been used to
improve the damping oscillations of the power system by
[27, 28].

The aim of this paper is to investigate the design of
Adaptive NeuroFuzzy based SVC (SVC-ANF) control
because it is more robust to change operating characteristics
of the system and therefore improve the system damping.
ANF control combines the advantages of both fuzzy logic
and neural network. The learning capability of neural
network is used to tune the parameters of fuzzy logic in
different operating conditions to achieve better performance.
This approach has learning ability for establishing and
updating the fuzzy rules and its parameters continuously.
The advantage of this proposed strategy is that the
parameters of proposed ANF are updated until the solution
converges. In ANF control parameters are updated online
without any preliminary knowledge about the network. The
parameters involved in SVC need to change with time. So,
there is a continuous learning mechanism so that they can
adapt their parameters with different conditions. This hybrid
ANF strategy increases the robustness, efficiency,

convergence and efficiency of the system. The productivity
and computational ability of the proposed ANF technique is
better than the aforementioned control strategies. Results are
tested by installing SVC having ANF as a supplementary
controller on the two machine three bus bar system. To
validate the performance of proposed SVC-ANF control, the
time domain simulations are compared with those of
conventional SVC-PI and SVC itself.

This paper is organized as follows; section 2 presents
SVC transient stability model, steady-state characteristics
and its internal control. In section 3, mathematical modeling
of SVC installed with multi-machine power system ig

presented. Section 4 discusses the ANF control design;

layered architecture and parameter update rules. Finally,
simulation results and conclusion are discussed in section 5

and 6.

2. SVC Transient Stability Model and
Control

An SVC is shunt connected FACTS controller which
generates and absorbs reactive power in order to control
specific parameters of power system. The compensator
shown in Fig. 1 is of TSC-TCR type and it usually consists
of nTSC banks and a single TCR connected in parallel. TSC
banks are either switched in or out, generating leading Vars
in stepwise fashion. While in TCR, the current through the
reactor is phase controlled and can be varied from zero to
maximum to continuously controlled the lagging Vars. By
combining the operations of both TSC and TCR a
continuous control of reactive power is achieved. When
system voltage is less SVC behaves like a capacitor and
generates leading vars. While when system voltage is high
SVC behaves like a reactor and absorbs reactive power
(generates lagging Vars).

2.1. SVC Phasor Model

The transient stability model of SVC under balanced three
phase AC system voltages can be represented as [29];

Tabcfscv = _stczabcfsvc (1)
Tabc_scv = TTCR (l//svc ) + TTSC (2)

Where, I, _is the current injected by SVC and e, is the
terminal voltage of SVC control.

L[Z - sin 21//st] 3)
T T

Wl

TTCR (wsvc) =

The SVC susceptance is given as

stc = BTCR (l//svc ) + BTSC (4)

By considering the coupling transformer then
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Figurel. TSC-TCR Type SVC

where

sve

=@+¢@, with '@ as a synchronizing angle
and '@' is the firing angle and lies in the range of
90° to 180° .When ¢,

e =90” , SVC susceptance is
maximum while when ¢ =180, SVC susceptance is

zero. The reactive power injected by SVC is given by

— 2
Qinjfsvc ~"Cn stc (8)

By using dq reference frame, the current injected by SVC
control can be written as follows;

I

a_sve

quisvc:§|:1 a ‘12] Iy e
1

c_sve

h A
, where  _ /5 9)

2.2. SVC Characteristics

SVC V-I steady state characteristics [30] are shown in Fig.
2.
The conditions for operation of SVC in different modes
are as follow:
* In voltage regulation mode, SVC susceptance is

“Bimax < Bge <Bjmax and €ne = ref e X
e In fully inductive mode, SVC susceptance is

svc

B = Bjax and €, = B
I max

e In fully capacitive mode, SVC susceptance is

svc

BSVC :chax and eSVC’ = B

cmax

‘\ e.VVL‘
Eref \
Slope X; Absorbtion limit
/ Bsve=Brcrmax
/ Ysve :900
/
/
Production limit /
BSVC:BTSCmax
Wae =180° /
/
capacitive inductive Lve

Figure2. SVC V-1 Steady-State Characteristics
2.3. SVC Internal Control

The Fig. 3 depicts the SVC connected to a three phase
positive sequence balanced multi-machine power system
along with its internal control. The internal control
comprises of measurement unit, supplementary damping
control, voltage regulator, synchronizing system and pulse
generation module. The purpose of the measurement module
is to provide the necessary inputs to other control blocks to
perform their functions. Voltage and current is measured
using PT’s and CT’s. Power is measured by multiplying the
voltage and current signals. Supplementary damping control
used is ANF and is discussed in section 4. Output of
measurement block is given as input to the voltage regulator.
In voltage regulator it is compared with reference signal and
error signal is proceed as input to PI controller. The output of
the controller is per unit susceptance which is generated to
reduce the error signal to zero. Output of voltage regulator
corresponds to the required reactive power output of
compensator. Firing angle (@) can be calculated by using
susceptance to firing angle converter. The purpose of the
synchronizing system is to generate pulses (¢) that must be
synchronized with the fundamental component of system
voltage to minimize the harmonics. A commonly used
synchronizing system is phase locked loop (PLL).

3. SVC Installed with Multi-Machine
Power System

The 6™ order dynamic model of multi-machine power
system used in this article is given as follows;

ds

—=,,0 10

dt ref ( )

M¥=p —p Do (11)
dt
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T;addit;’:(xq—x'q)lq—E; (12)
T;o%:Efd—(xd—x;)ld—E;, (13)
qodTE;;:(xq _x;)lq_E; (14)
T;oddit;:E; -, -(x, =) )1, (15)

The stator algebraic equations with zero armature

resistance are
U x 071 E,
Uq 0 Xq Id Eq

The terminal voltage of the generators in machine
coordinates can be expressed as

Ug =E; +x,1, +j(E; -x;Id) (17)

The network model before installation of SVC, between

bus bars 1 and 2 is given as;

0 Y, Y, Y gc Ui
0 Y, Yy Yy ):ZG U,
0TIh G T e |0
I Yor Yoo Yoz Yo6 ]| Ug

(18)

After installation of SVC into the network, the network
model can be written as

Y0 Y [0 [-Ix
0 Y Yg (_]2 = _£21< (19)
Yoo Yoo Yog Ug Ig
The output voltage of SVC in phasor form is given by;
ESVC = emD wSVC (20)

From Fig. 4, the voltage difference across the coupling
transformer is
Uy = jx. I, +e, 1)

csve sve

Where,

Isvc = TIK +72K (22)

The voltage at the bus bars 1 and 2 can be written as

Ul _| g 0 711< 1 -
EAR i [l SH

Putting value of U ¢ from (26) in (29),

|:[Z1:|: il rx) }FK}LHE (24)
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Figure3. Multi-Machine Power System with SVC Internal Control
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|:£_1K :| :L|:j(x1K.+xc) . _jxc :||:ZZI “Cve :| (25)
Ly X —Jjx, J(x2K +xc) U, —e,,

Where,

|

0l

X =x = (g +x.) (g +x.) (26)
Using (24) the generator current is given as,
¥, =3
To (oo 53 [ ] J7ela Talit|” X e
2G sziK
Where,
7oy (xig +x.) A%
vl = " X X
UIZ - .
_ch e J ('xZK + xc)
Y+
X

4. Adaptive NeuroFuzzy Control Design

The fuzzy system is fundamentally adaptive and nonlinear
in nature which provides robust performance for the
parameter variations and load disturbances [31, 32]. To
efficiently improve the transient stability of the system and
to damp the low frequency electromechanical oscillations,
online Adaptive NeuroFuzzy (ANF) control is proposed as a
SVC auxiliary control. In addition to the prime objective of
SVC control to maintain the system voltage at the desired
constant level, auxiliary control is used to damp the
electromechanical oscillations by providing the reference
voltage subject to the changes in the system state. Also, due
to these undesired oscillations, the power system becomes
uncertain. To overcome these uncertainties and imprecision
ANF is very flexible, robust and feasible. Fig. 5 shows the
layered architecture of ANF control. It follows the simple
fuzzy IF-THEN rules defined in the general form as,

Ry 2 If xp5is Ry and x5 is Ry and ... 05 ¥ 5
k
Theny, =Y x;xn+D5
=

R - If xypis Ry and x5y is Ry and ...x;

j1is X

jl

k
Then y, = X, +f, (28)
J=

R, If Xy, is Ry, and x,,, is Ry, and ..x, is %,

k
Then y,, = Z'\.jz im T Pm

=l
Where, R is the mth fuzzy rule, x m 18 the jth input to
mth rule, X, are the weights of the output layer and [, is

the bias factor of the mth rule. [J,  represents the

jm
triangular fuzzy membership function used in this article,
generally defined as

= 205 =) im ek 4 Zim
O = v M2 m2 2
jm Jm ( 9)
0, otherwise

Here, K;, and U,, are the mean and standard

deviation of the triangular membership function respectively.
The firing strength 7, of each mth rule is computed in (30)
using T-norm product operator.

8, =[]0, 0, Os... 0;]

n

(30)

The variable ‘&’ defines the number of fuzzy membership
functions in a rule. The final centroid defuzzified output of
the layered network is given by,

u=" 31)

Where, ¥, =[3 ¥, »3 ...¥,]are the outputs of the neural

network defined by (32);
Vp =2 XiXpt By P=L 2 n (32)
p=1

The layered network is primarily divided into input layer,
hidden layer and output layer. The network architecture is
subdivided into six layer with layer I, layer II and layer III as
an antecedent portion and layer IV as a consequent portion.
The network layers are identified as;
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«  Layer I: Input layer. following cost function.
 Layer II: Inputs are fuzzified into triangular | M
membership function by using (29). N= EZ((D[ O, Y, M=1 (33)

Layer III: T-norm product operator is calculated by
using (30).

Layer IV: consequent part of ANF outputs is
computed by using (32).

Layer V and layer VI: Computes the defuzzified
output by using (31).

The closed loop law of the proposed control along with
power system is shown in Fig. 6. In this paper, speed
deviation (Am) of the generators and its delay are taken as a
control input to the ANF control. When disturbances ([])
either small or large are added to the system, the parameters
of ANF control are updated online and adaptively by using
GD algorithm. In response, the ANF control generates the
control effort (1) and passes it to the SVC control, where it
adds up to the difference of reference and peak value of bus
voltage to which it is connected and therefore helps in
providing additional damping.

4.1. Update Parameter Rules

The parameters estimation is essential for setting up the
fuzzy linguistic model of a system to a fixed number of rules.
A precise collection of the crisp input data and output data
can be expressed to minimize the error between the current
output value and the desired value for the neuro-fuzzy
system. For this reason, a GD method is used to minimize
the cost function. The parameters of the ANF control are
updated online using the GD algorithm which is based on the

i=0

Where, ®and O, are the actual and desired value of the

plant. The control parameterK ,,, U,,, X, and ,Bm are

updated using the following rules to minimize the cost
function () .

Kot +1) = K (D) =y ai/,\m (34)
U+ D=0, (0 -y a‘z’\ (34)
X6+ = Xy (z)—ya‘j(—’\m (35)
B,(+1)= B, - y2 (36)

aﬂ m

Where, Vis the learning rate which is used to fast the
convergence of the system and its value is selected between
‘0> and ‘1’ by using hit and trial method. The partial
derivatives w.r.t to control parameters is found using the
chain rule as:
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A _ ((,)—m ) 2sign(xj - ij) - scenarios as shown in the subsection.
0K, & /im 5.1. Scenario 1

—————————————————————————— 1 In the first scenario, a three phase fault is applied on line
L1 at t=0.1 sec on the test system as shown in Fig. 7. The
duration of the fault is 0.115 sec and it is a self clearing fault.
Fig. 8 shows the system response for this severe fault. It is
obvious from the results that SVC-ANF control is much
more successful in damping the power oscillations as
compared to SVC-PI control and without control and brings
__________________________ | the system back to its original steady state condition. In case
of SVC-ANF control, the performance of speed deviation
(021), shown in Fig. 8(a) is improved by 47 % and 63 % as
an abs(x; =K ) compafed tf) SVC-PI coptrol. and without' control,
= ((D_(Dr ef)r 1—2] (38)  respectively in terms of settling time. The effectiveness of

ou Uim proposed controller in terms of rotor angle deviation is
depicted in Fig. 8(b). It shows that the ANF control quickly

Disturbances( J)

Figureb6. Closed Loop of Proposed Control Design

Jm

oNn ( a ) o stabilizes the rotor angle to its nominal steady state
N R AS (39 condition. F ig. 8(c) shows the active power flow in line L1.
Here, less oscillation has been observed in case of
oA SVC-ANF control after post fault as compared to SVC-PI
B = (C‘) T ) © (40)  control and without control. From all the above discussion, it
" is analyzed that the ANF shows good regulation, has more
-0 9 computational ability, robustness and effectiveness than PI
Where, :y;"— and O= p m controller.
S, S,
p=1 p=l T/F] B] L[ BQ B3 T/FZ
Equation (37) to (40) shows the required change in @_}E_ L L; I }E_@
Kims Ujm: Xin a0 Fiy Load 1 Iyl Load 2
l SVC- basedI =
. . . . ANF contro
5. Simulation Results and Discussion

) . . ) Figure7. Two Machines Test System
The test system which is used to carry the simulation to

access the performance evaluation of the proposed control
scheme is shown in Fig. 7 to damp out the electromechanical
oscillations. It is based on two-machine, three bus-bar
system. The SVC-based ANF control design and time
domain simulations are developed in MATLAB SimPower
toolbox. The generators ratings are taken as 1400 MVA (G,) _0.005
and 700 MVA (G,). The generators are connected to a
tie-line through three-phase step up transformers with rating ¥ . , , , , ‘ , ‘ ,
13.8/500 kV. The length of transmission line is 500 km with o 1 23 et TF R
200 MVA SVC shunted in the mid of it. To access the

simulations load flow is performed by taking machine-1 (M)
as a PV generator bus and machine-2 (M,) as a swing bus.
The initial conditions for M; and M, are 970 MW, 150
MVars and 363 MW, 432 MVars, respectively. The
simulation results of proposed control strategy are compared
with that of conventional PI control and without auxiliary
control.

To ensure the validation and robustness of the proposed
online ANF control scheme, various types of small and large :
disturbances are added to the test system at different times c time (sec)
during simulations. They are characterized into different (b)  Angle Deviation, 6y,

..... Without control |4
— ANF control
= = =PI control

=
2
5

Lh:vimiorl_ugI {pu)
=]
h
~

speed

=
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T T I
————— Without confrol | |
= ANF control
= = = PIconirol
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Figure8. Scenario 1 Simulation Results

5.2. Scenario 2

This scenario constitutes the application of multiple
three-phase faults at different locations in the test system in
order to check the performance of the proposed control
scheme. The first three-phase, self clearing fault is applied
on line L, at t=0.1 sec and another on line L; at t=7 sec for
115 msec. The time domain simulation results for this type
of faults are shown in Fig. 9 from where it is evident that
ANF control has improved the performance of system with
less settling time and overshoots as compared to SVC-PI and
without auxiliary control. A performance improvement of
20 % and 33 % is achieved in terms of settling time for speed
variation as compared to SVC-PI and without control,
respectively as shown in Fig. 9(a). The improvement in rotor
angle stability can be seen from Fig. 9(b). Here again the
rotor angle settles to its original steady state after application
to two severe three-phase faults. When no auxiliary control
is applied to SVC, the power oscillations are poorly damped
after post fault as shown in Fig. 9(c).

5.3. Scenario 3

In this scenario, a three-phase fault is applied at line L, at
t=0.1 sec. The fault is cleared by permanently removing the
line L,. Fig. 10 shows that SVC-ANF control contributes
more efficiently to damp the system oscillations as
compared to SVC-PI and without auxiliary control and
brings the system to a new steady-state. It is clear from Fig.
10(a), that the SVC-ANF control attains a performance
improvement of 40 % and 60 % in terms of settling time, for
speed deviation of the rotor as compared to SVC-PI and
without control, respectively. Fig. 10(b) reveals the rotor
angle deviation shifted to a new steady state. Furthermore,
the active power of the tie-line has a degraded response in
the steady-state region in case of SVC-PI and without
control as shown in Fig. 10(c). From above discussions, it is
observed that the ANF shows good regulation, robustness,
efficiency, and gives better computational ability than PI
controller. Also the proposed ANF based SVC have
increases the stability and productivity of the power system
and provide the better convenience to the system in this
scenario.
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5.4. Scenario 4

To further examine the validation and robustness of
proposed control strategy, series of faults are applied on the
multi-machine test system. It comprises of self clearing,

three-phase fault applied on line L3 at t=0.1 sec for 115 sec in
addition with temporarily load outage (Load 1) for 0.5 sec
and line outage (L,) for 0.1 sec at t=5 sec and t=8.5 sec,
respectively. Fig. 11 shows the superior ability of SVC-ANF
control to effectively damp the system oscillations and
restores the power system to its original steady-state. The
settling time for speed deviation of SVC-ANF acquire a
performance improvement of 21 % and 26 % as compared to
SVC-PI and without control respectively, Fig. 11(a). It is
clear from Fig. 11(b) that the rotor angle stabilizes itself to
the original steady state when it undergoes various faults.
The line power injected is shown in Fig. 11(c). It is revealed
from above discussions, the proposed ANF strategy gives
the freedom to tune the whole system and the control force
can be initiated locally or globally depending on the system
state. The major advantage of the ANF is that, it provides
more design flexibility and increases the range of
achievable objectives.

In order to optimize the performance of proposed ANF
control, the integral of absolute error performance indices
based on the (40) is calculated over the time interval,
0<t<T, The simulation time ‘7’ is appropriately selected
to maximum span the transient response of the system [33].

Py = jj 3 At

Where, n shows the number of machines in the power
system followed by r= {0, 1} for IAE and ITAE, respectively.
Here, IAE examine the system performance in transient
region while ITAE in steady-state. Smaller the value of P,
better is the system response in particular region.
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Fig. 12 to Fig. 15 shows the improved behavior of ANF
during both transient and steady-state regions. These results
indicate that in case of ANF control, the value of ITAE is
almost constant in steady-state resulting in zero steady-state
error. Likewise, the results of IAE show the minimization of
the overshoot during ANF control. Table 1 shows the
performance indices comparative analysis for proposed
ANF control with SVC-PI control. In scenario 1 and 2 the
value of IAE for ANF control is reduced very much as
compared to SVC-PI, showing much better performance in
transient region.

Tablel. Performance Index

IAE ITAE

ANF PI ANF PI
Scenario 1 0.009667 0.01209 0.01027 0.01621
Scenario 2 0.01292 0.01497 0.03005 0.0395
Scenario 3 0.008147 0.0109 0.008486 0.01571
Scenario 4 0.005062 0.007065 0.02686 0.04013

6. Conclusion

In this paper ANF control has been successfully
implemented as an SVC external control. The parameters of
the proposed control are adjusted based on GD learning
algorithm. To exhibit the capabilities of SVC external
control, a multi-machine power system installed with SVC
under various disturbances has been considered as a test
system in MATLAB. To show the effectiveness of ANF
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control, simulation results are compared with PI control and
without control. Results reveal that the designed SVC
auxiliary control has a great potential to assure the robust
performance in damping power system oscillations. It is also

observed that the proposed strategies increase the robustness,

efficiency, convergence and efficiency of the system. Also,
the productivity and computational ability of the proposed
ANF technique is better than the PI technique.
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