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Table (5) Parameters for each
synchronous motor.

Table (3): Parameters of the

transmission lines SM
L1 L2 Rs (pu) 0.0121
R (pu) 001 0.01 Rfd (pu) 0.00145
Rkd (pu) 0.0302
X (pu) 0.0314 0.0314
Rkql (pu) 0.039
Xkq?2 (pu) 10
Xs (pu) 0.14
Table (4) Parameters for each X1fd (pu) 0.267
asynchronous motor.
Xlkd (pu) 0.092
SCAM DCAM Xlkq! (pu) 0.115
Rs (pu) 2.476 0.117 Xlkq2 (pu) 10
Rr (pu) 1.767 - Xmq (pu) 0.75
Rel (pu) . 0.174 Xmd (pu) 103
Trot (pu) 0.0001
Rr2 (pu) - 3.259
H (s) 1
Xlrl (pu) - 2.695
: Rated Power (hp) 6000
X2 (pu) - 1.98
Rated voltage (V) 2300
Xlr (pu) 11.399 -
Table (6) Parameters for both FLSVC,
510.58 86.576
Xm (pu) 6 and CSVC schemes.
Trot (pu) 0.0003 0.0001 FLSVC CcSVC
H (s) 0.0022 0.082 Ty (s) 0 0.
Rated Power (hp) 500 4700 Ta (s) 005 0.05
Rated voltage (V) 2300 2300 _ Ka 40 40
Ti (s) - 0.08
Ki - 0.0105
Be (pu) 11 : 11
Bf max (pu) 12 12
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[Au]=diag] Xp+Xis Xm+Xis)
(A p)=[Ax]=diag[ X, Xpn)]

X+ X )

(A n)=diag] Xp+Xie
I R Qrsm (X15+Xm) |
[(Bu]= @b
_Wrsm
L ® b (XLS"'Xm) Rs ]
i 0 W rsm - O rsc X m ]
(Bal= @b
W rse -~ W rsm X m 0
L ® b J
R, Dmm- Wese (X 0+ X 1)
[B2:] = @b
Qese- Wrsm (X 0+ X1,) R:
b

For the double cage asynchronous motor
we have:

Ay Az Az
[A]=51“b' Aa Az Axn
A3 A A

Bi Bz B3
[B]=' B2t B B
B3 Bxn Bss

and,

[An]=diag] Xis+Xm Xis+Xum)
[Au]=[As]=[An]=[An]=[Axn]=[Axn]=

diag [Xm Xm]

[Azﬂ:diag[ X +Xm Xin+Xm)
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[An]=diag] Xip+Xm Kiz+Xm)

R, Qom (X 15+ X m)
[B11]= ' ©b

1 _ 0 ysm
o Xis+Xm) R;

, 0 Wresm ¥
[Bu]=[B )= @b

_ W rsm

oy Xm 0

[Bal=[Bx]=[Ba]=[B 3]

0 W rsm - W rdc X m -
[Ba]= b
W rde -~ W rsm Xm 0
L Wy -
Ra _@_ﬁm_d):_ﬁ_)_r_ds.xﬂ
[B2]= b
W rdc ~ O rsm X R
L LIV
R _Ul_rs_m(:u:ﬂﬂgxrz .
[B )= b
L W rdc =~ O rsm X R
(V)

but,

X=Xt +Xm, Xe=X12 +Xmn

Appendix 2
This appendix provides the necessary
data for the studied sample system.

ws=wp =377 rad/s

S base ~— 100 MVA

All transformers are assumed to be ideal
(R = X = 0). External network is also con-
sidered to be an ideal voltage source (Rg =
Xg=Bg=0).
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quadrature axis of the synchronous machine
respectively.
Kd, fd :damper and field winding quantities
along direct axis of the synchronous ma-
chine respectively

md, mq: mutual quantities along direct
and quadradure axis of the synchronous
motor respectively

¢, I: fixed capacitor and variable reactor
quantities in SVCs

TCR: thyristor controlled reactor

SVC: terminal busbar in SVC schemes

t: main terminal busbar

g: external network

Greek letters

d.m: rotor angle of the synchronous mo-
tor

W, rotor speed of the synchronous ma-
chine

o, synchronous speed

w,: radian frequency base

Wy » Wy . TOtor speed of the single and
double cage asynchronous motors respec-
tively

Appendix 1

In this appendix the elements of [A], and
[B] matrices for synchronous and asynchro-
nous motors are given . For the sysnchro-
nous motor we have:

A Anp A'13
[A]za)lj‘A21 A»w O
Azt 0 As

B B2 By

[B]"_' 0 Ba O
0 0 Bas
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[A 1] =diag[ x, Xq ]

[ Xing Xmg |
(Ap]=[Aay]'=] 77 ™™
L0 0 |
[An]=[A3]'= 00
~de de-
[ Xikq1 X
[A22]= kql mq:!
_qu qu2
[ X X
[A33]= fd md}
L Xmd Xkd
Xq
[Bu= o T
'wrsmzo)—(f‘ R
0 0
[Bi)=
"‘Drsz ‘wrsmxmq
Wp [0}

[B )= diag[ R ki Rig |

[Bas]=diag[ X g R yal

For the single cage asynchronous motor we
have:

[A]—_L[A” AIZ}

Obl Ay Agp

[B}:-[B“ BIZ}
B2 B

and,
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to 1pu. However the CSVC provides 10
percent overvoltage.

Fig. 22 depicts the rotor angle variations
of the equivalent sysnchronous motor. It is
clear that the CSVC is not able to save the
synchronous motor (i.e., transient unstable).
Fig. 23 illustrates the speed variations of
the equivalent double cage asynchronous
motor in this test. It is obvious that the
CSVC scheme causes the instability for
double cage machine, and pulsating vibra-
tions would be appeared on the motor shaft.

6 - Conclusions
This paper presents a novel fuzzy logic

based static VAR compensator (FLSVC),

applied to an industrial power system. The
following issues have been addressed:

1 - complete representation of non-linear
characteristics of the given power net-
work.

2 - appropriate selection of membership
functions and rule set based on the con-
trol system objectives.

3 - verification of the proposed sensorless
fuzzy logic controller capabilities, by
non - linear time domain digital simula-
tions under various operating conditions
and disturbances.

The main achievements are:

a - the proposed FLSC, improves the volt-
age profile and overall dynamic and
transient performance for the given
plant, compared to the conventional
SVC.

b - the non - linear characteristics of the
system as well as different operating
points can be easily incorporated into
the controller development by suitable
selection of membership functions and
rule set.

Amirkabir/Vol. 11 / No.43

¢ - the proposed sensorless FLC, which has
remarkable effects on the transients and
dynamic performance of the given plant
has been established by considering
only two inputs (Aw,,, and A®,,). and
one output (Us). The inputs have been
estimated by novel fuzzy logic based
speed sensorless scheme (FLSSE), and
accompanied differentiator like function
(DLF), block. This controller represents
a simple nonlinear adaptive controller.

d - the proposed FLSVC, is simple to devel-
op and easy to implement.

e - with some slight modifications, the pro-
posed FLSVC, can be easily applied, es-
pecially, to flexible AC transmission
systems (FACTS).

7 - Nomenclature

R, X: resistance and reactance

v , 1: voltage ad current

B: susceptance

Te, T,: electromagnetic and load torques
Trot: rotational torque

H: inertia constant

[ ] : matrix transpose

p: derivative operator d/dt

t: time (s)

Subscripts

s: stator quantities for all electric motors

r : rotor quantities of the single cage asyn-
chronous motor

r1, r2: upper and lower cage quantities in
the double cage machine

d. q: direct and quandrature axes quantities
respectively

L: leakage

m: magnetizing quantities for asynchronous
motor

kql, kq2: damper winding quantities along
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t = 0. The ESM is treated as asynchronous
motor during starting period, and the field
voltage is applied when the rotor speed has
been reached to 90 percent of synchronous
speed. It is further assumed that the equiva-
lent static load (ESL) is also connected to
its supply transformer at t=0. Fig. 13 shows
the voltage profile of the main terminal bus-
bar (v,), during the run - up test for both
FLSVC, and CSVC schemes. It is clear that
the voltage drops to 0 .6 pu immediately af-
ter simultaneous starting. As observed, the
FLSVC remarkably settles the voltage to
1pu, but the CSVC eventually provides 3
percent over voltage due to its current feed-
back path.

Fig. 14 depicts the speed variations of all
equivalent motors. It can be seen that for
both schemes, the speed variations of all
motors are roughly similar.

Case 2: Sudden loading test

Suppose that all no load motors are com-
pletely started, and a sudden loading test is
then perfomed at t =0 . The load torque for
each motor assumed to be 1pu (T, = 1pu),
based on its own rating. Figs. 15 shows the
main terminal voltage (v,) due to the perfor-
mance of both schemes. For this case, we
also observe that the porposed FLSVC,
works well and settles the voltage to 1pu,
however the CSVC eventually provides 5
percent over voltage due to its current feed-
back loop.

Fig. 16 depicts the speed variations of
both equivalent single and double cage
asynchronous motor. Fig. 17 illustrates the
rotor angle variations of equivalent syn-
chronous motor.

Case 3: Fault analysis

84

In this case the effects of voltage dips
caused by three phase fault within the in-
dustrial network will be evaluated. Suppose
that the sudden loading test is completely
accomplished, and the whole system com-
ponents are operating in the steady state
conditions. Let the three phase fault to be
occurred at point F shown in Fig. 1,att =0
and cleared at t = 133 ms (i.e., circuit
breakers labelled by B2 and B4 are opened
after 8 cycles). Fig. 18 shows the main ter-
minal busbar voltage (v,) during the fault
analysis test . It worths to observed the high
performance of the FLSVC, for this case
too. As easily seen in Fig. 18, the main ter-
minal busbar (v,), settles to Ipu, whereas the
CSVC cause voltage fluctuations (i. e., volt-
age instability).

Fig. 19 depicts the speed variations of
equivalent double cage asynchronous mo-
tor. It can be seen that this motor becomes
unstable due to functionality of CSVC
scheme (i. e. pulsating vibrations would be
appeared on the motor shaft). Fig, 20 shows
the rotor angle variations of the equivalent
synchronous motor . It is clear that the
CSVC scheme is not able to avoid instabili-

ty.

Case 4: Voltage dips analysis

In this case the effects of voltage dips in
the remote external network will be evalu-
ated. Suppose that the whole system com-
ponents are operating in the steady state
conditions. Let the momentary voltage dips
to be occurred in the remote external net-
work at t = 0 (Eg = 0. 4 pu), and recovered
to its nominal value (E,=1pu) after 20 cy-
cles. Fig. 21 shows voltage variations at the
main terminal busbar (v). Obviously one
can see that the FLSVC settles the voltage
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Main terminal busbar. Vi

vt |
Ism
o  FuzzyLogic
Speed Sensorless By
Estimator(FLSSE)

Fig .(9) Schematic diagram of the fuzzy logic
based speed sensorless estimator (FLSSE)

B - Fuzzy logic based speed sensorless
estimator (FLSSE)

The basic configuration of the FLSSE
used in the proposed FLSVC is shown in
Fig. 9. The building blocks of FLSSE is
similar to those shown in Fig. 4.

However, the inputs of the proposed
FLSSE are the total current (Ism) of all syn-
chronous motors (ESM), and the voltage of

the main terminal busbar (V). This voltage

is readily available in FLSVC scheme (. e.
the input of H (s) in Fig. 3). The current
(Ism) could be also detected closely to the
FLSVC scheme. For present investigation
three trapezoidal membership functions are
considered for the first input variable (i.e.
current). For the second input variable (i.e.
voltage of the main terminal busbar), five
Gaussian membership functions are suffi-
cient . For the output fuzzy variable (i.e, es-
timated speed, w,,), five triangular mem-
bership functions are assumed. Figs. 10 to
12 depict the membership functions for in-
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put and output fuzzy variables for the pro-
posed FLSSE.

A fuzzy rule set is then used to describe
the FLSSE behaviour as shown in Table. 2.
Each entry of this table also represents a
rule of the form” if accident then conse-
quences”. The entities of this table could be
derived easily due to expert knowledge and
deep investigation into physical aspects of
synchronous motors , and dependency of
speed variations respect to terminal voltage
and current.

The appropriate crisp output singnal (i.e.
estimated speed, Aw,, could be generated
by correlation product inference and center
of gravity defuzzification method [30, 31].
In this study due to complete similarities of
all synchronous motors in the given plant,
the estimated speed of each synchronous
motor is also similar to the output of the
proposed FLSSE.

5 - Simulation studies

In this section various comparative digi-
tal simulation tests are demonstrated for the
sample system given in Fig. 1. To show the
capabilities and effectiveness of the pro-
posed FLSVC, the results are compared
with the performance of the CSVC. The
simulations are performed in the well estab-
lished computing environment called MAT-
LAB accompanied with its FUZZY LOGIC
TOOLBOX. In the following cases the val-
ue of voltage source in the remote external
network (Eg), is set to 1pu, unless stated.

The system data are given in the appendix
2.

Case 1: Run-up test
In this case it is assumed that the no load
ESCAM, EDCAM, and ESM are started at
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bership function for the first input
(Dwrsm) in the proposed FLC
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priate crisp control signal is then generated
[30, 31]. Fig 8 shows the three dimensional
view of the interrelation between the crisp
values of output signal, an FLC inputs,
which graphically represents the nonlinear
performance of the proposed FLC.

Table 1. A sample set of 5 x 5 rules
for proposed FLC

AB NB NS V4 PS PB

AW sm

NB NB NB NB NS NS

NS NB NB NS NS NS

Z NB NS Z PS PB

PS PS PS PS PB PB

PB PS PS PB PB PB

NB: negative big, NS: negative small
Z: Zero, PB: positive big, PS: positive small

Table 2. A sample set of 5 x 3 rules

for the proposed FLSSE
Ism
Vit NS BNC VBNC
VVSNV NH VVSNV | VVSNS
VSNV NH VSNS VSNS
SNV NH SNS I SNS
NV NS NH NH
BNV BNS NH NH

 NC: Normal Current, BNC: Bigger than
Normal Current, VBNC: Very Bigger than
Normal Current, NV: Normal Voltage SNV :
Smaller than Normal Voltage, VSNV: Very
Smaller than Normal Voltage, VVSNV:
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Very Very Smaller than Normal Voltage,
NS: Normal speed , BNS: Bigger than Nor-
mal Speed, SNS: Smaller than Normal
Speed, VSNS: Very Smaller than Normal
speed NH: Never Happens
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Fig. (2) Conventional SVC.
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Fig. (3) Schematic diagram of the FLSVC.
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{(Aw,.), and the associated acceleration
(Ab,), of the equivalent synchronous motor
(ESM) are chosen as the FLC inputs. Note
that,

AW rsm = 0 5 - O sm (20)

., can be easily detected by conven-
tional mechanical sensor and/or estimated
by speed sensorless schemes. In the con-
ventional speed detecting scheme (i. e, use
of mechanical sensor), due to complete sim-
ilarities of all SMs in the given plant, Aw,,
and A, of each SM would be similar to
those of the ESM. Hence in practice Aw,,
and A, related to one of these SMs should
be used as the FLC inputs.

In this paper a novel fuzzy logic based
speed sensorless estimator (FLSSE) is pre-
sented to predict the actual speed of specif-
ic synchronous motor (w,,). The proposed
FLSSE, is fully described in part B of this
section. Therefore Aw,, can be readily ob-
tained. A®,, signal stems from Aw,,, and the
additional  differentiator like function
(DLF), block shown in Fig. 3. The func-
tionality of the DLF block could be easily
determined by mathematical expression
given in Eq. 21.

K+1 K
AW K+ lrsm = “‘“‘"“"__‘—Aw 1';<m+ l‘_AUIi__Arsm (2])

t t

Thus two input signals of the proposed
FLC become available. The output control
signal (Us) is then injected to the summing
point shown in Fig. 3.

Each pair of the FLC input and output

fuzzy variables (Xj = Awg, , A, , Us) is in-
terpreted into the five linguistic fuzzy sub-
sets varying from, Negative Big (NB) to
Positive Big (PB). Figs 5 and 6, respective-
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ly illustrate normalized symmetrical Gaus-
sian membership functions related to Aw,,
and A®,,. The choice of these five member-
ship functions for each input fuzzy variable
is based on the simulation studies of the
sample system shown in Fig. 1, without
functionality of any SVC scheme. The
range of variations of the desired input vari-
ables (Aw,, and A®,,), for the given plant
without any voltage regulating device,
helped us to judge that the five membership
functions are reasonably suitable for input
variables.

It is also understood that the five normal-
ized symmetrical triangular membership
functions given in Fig. 7, are appropriate
for the controller output (Us), in order to
have more reasonable results and an easy
real time implementation. The input gains
(k 1, and k2), and the output gain (k3), are
normally used to properly scale the fuzzy
input and output variables, respectively. In
the present study we set these parameters as
follows:

kl=1,k2=10,k3=12

A fuzzy rule set is then used to describe
the FLC behaviour as shown in Table 1.
Each entry in this table represents a rule of
the form “if accident then consequence”, e.g.

if (Aw,,) is NS and (Aw,,) is NB then Us is NB.

The entities of Table 1, could be derived
due to expert knowledge. Here, these rules
are obtained through a deep investigation
into physical aspects of the sample system
and the digital simulation results belonging
to the given industrial plant without consid-
eration of any SVC scheme. Using the cor-
relation product inference and center of
gravity defuzzification method, the appro-
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feedback path (G(s)) is vanished. The firing
angle regulator (F(s)) and its limiter block
appeared in the forward path of both SVC
schemes are suitable for transient and dy-
namic studies and is widely used in indus-
try [28-29]. The proposed FLC develop-
ment will be fully described in the next
section.

For the simulation purposes, dq models
based on the rotating frame of reference are
required for the fixed capacitor and variable
reactor in both schemes. Ignoring the tran-
sient terms, the ideal lossless thyristor con-
trolled reactor can be represented as [11]:

Wesm :
{ ¥ qTCR }: 0 b Xr1cr [1 qTCR}
V dTCR 3
- (Du;-sm XTCR 0 1 dTCR
b (13)
where,

f

with the same argument the fixed capacitor
can also be represented as:

. Wrsm :
{ V gsVC }__ 0 “0p Xe || ige }
’v .
dsSvC Wrsm Xc 0 1de
W
where,
Xe=-1-
Bce

Eq. 14, can also be applied for the shunt
susceptance (Bg) modeling in the remote
external network. The state space equations
concerning the state variables in Fig. 2,
suitable for digital simulations are:

Tuy +%-v=0 (15)

TaBi+Br-Ko(Veer-x+8) =0 (16)
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Tig +g-Kiy =0 (17)
The following state space equations dealing
with the state variables in Fig. 3, are also
used for comparative digital simulations:

Tox +%-Vi=0 (18)

TaaBr+Be-Ka(Vies-x+ U =0 (19)

In both schemes we have:

Oszfs 1
X TcR

and:

17
vie= (Vg + v )

4 - Fuzzy logic-based static VAR
compensator (FLSVC)

A: Control structure

The basic configuration of the FL.C used
in the proposed FLSVC shown in Fig. 4 is
simply represented by four main parts: the
fuzzifier, the knowledge base, The infer-
ence engine and the defuzzifier. The fuzzi-
fier maps the FLC input crisp values scaled
by input gains into fuzzy variables using
normalized membership functions. The fuz-
zy logic inference engine then infers the
proper control actions based on the given
fuzzy rule base. The fuzzy control action is
in turn translated into the proper crisp val-
ues scaled by some appropriate output
gains through the defuzzifier employing
normalized membership functions [30].

The feature of constant speed operation
makes it even more complex for synchro-
nous motors (SMs) to obtain operation con-
tinuity in the presence of voltage distur-
bances, therefore the speed deviation
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External network
LLsL
Xg
Tl

SvC

T2

T
main terminal busbar Vi

Vsve

T6
B8
Rload
ESL
Xload
ESM : Equivalent motor for 15 SMs
ESCAM : Equivalent motar for 100 SCAMs
EDCAM: Equivalent motor for 50 DCAMs

ESL : Equivalent load for 20 Static Loads
Fig. (1) The sample system single line diagram
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e b R e 0p = W rsm
Xse
=] o7 Rew
XSC
MR PRI
V dse v di v dk 12)

In Eq. 12, the indices i, and k, respec-
tively, denote the terminal busbars of each
series element. Eq. 11, is also suitable to
represent a series impedance of the external
network (Rg, Xg). For equivalent static
load (ESL) modeling, we may still apply
Eq. 11, with the following modifications:

Vagk=Vdk =0, Rse = Rioad , Xse = X 10ad

3-4: The SVC model

The SVC shown in Fig. 1 is a three
phase thyristor controlled reactor/fixed ca-
pacitor type (TCR/FC) . In this paper two
distinct control strategies have been em-
ployed for comparative digital simulations.
The first scheme, which is commonly re-
fered to conventional SVC (CSVCQ), is
shown in Fig. 2 [10. 11]. The CSVC in-
cludes voltage and current feedback paths
(1.e, H (s) and G (s)), firing angle regulator
(F (s)), and the associated limiter block as
well.

In the second scheme shown in Fig. 3
the proposed FLC, represents a two inputs-
single output non-linear controller. Both
speed deviation (Aw,,), and associated ac-
celeration (A®,,) of equivalent synchronous
motor are taken as the inputs. In recent fuz-
zy logic based SVC (FLSVC), voltage feed-
back path (H(s)), firing angle regulator (F
(s)), and limiter block are similar compared
to the conventional one, while the current
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p (“’—m) =L (Te-TL - Tro) 2

Wb/ 2
and,
o) >
where,
Te=XmaTdigs-XmqLqids | 4
and,

Ta=ldg+if+ixd , Iq=1ig +ikg +1ke

3-2- Three phase asynchronous motor
modeling

Three phase equivalent single cage asyn-
chronous motor (ESCAM) which is also
shown in Fig. 1, is represented by a fifth or-
der model in the rotating dq frame of refer-
ence environment [27] with the followig
dynamic equation.

plil=[A] [ [B][i] +[V]] (5)

[Vl=lve ve 0 0

The motion equation for the ESCAM is
[27]:

W rsc) - 1 _ -
p (—(,0 b ) oH (Te TL Trot) (6)
where
Te =Xm (1 qs idr - 1ds iqr) (7)

An equivalent three phase double cage
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asynchronous motor (EDCAM) is repre-
sented by a seventh order model in the ro-
tating dq axes environment [27] as:

pli] =[A] " [[B][i] +[V]] (8)
where,

[J=lie ia igu ian g2 iaa]'
[Vl=lve ve 0 0 0 0]

The mechanical dynamic equation for the
EDCAM is [27]:

= __(D rd :...1— - - .
p—(mbc) ZH(TC TL TlOt) (9)
where,
Te=Xm [1 qs Tanz - 1ds 1 qri2 :l (10)
and,

Taeio = ldri +1de2

Iquzz iqu + iqr2

The elements of [A] and [B] for both
asynchronous motors are given in appendix
1.

3-3- Transmission line, transformer and
static load modeling

Each transmission line and/or transform-
er, given in Fig. 1 is represented by a series
resistance and reactance, Rse, Xse respec-
tively . The dq model based on the rotating ,
frame of reference for each series element
is [11]:

i gse
Pl
1 dse

=wbpwﬂ+m]

X LV dse

im} )
,idse

N
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(FLSSE), is employed which is one of the
main distinct features of present study. The
advantages of proposed FLSSE are lower
cost, elimination of cables belonging to me-
chanical speed sensor of a remote specific
machine, and increased reliability.

The performance of the proposed
FLSVC is examined by several non - linear
time - domain simulation tests. These tests
have been performed in different operating
conditions and disturbances, such as motor
starting and loading, and momentary volt-
age dips. The results show that the FLSVC,
remrkably improves the voltage profile and
the overall system performance compared
to those of the system which is equipped
with a conventional SVC (CSVC).

2 - System description

Fig. 1 shows the single line diagram of
three phase studied industrial power sys-
tem. To feed the main terminal busbar of
the load center, the remote external network
is connected to a step - up transformer (T1),
a double circuit transmission line (L1, L2),
and a step-down transformer (T2). In the
present study the plant consists of hundred
similar SCAMs, fifty unique rating
DCAMs, and fifteen similar SMs. In
present study, the load torque and duty cy-
cles are assumed to be similar for all syn-
chronous motors. Therefore they can justifi-
ably considered to be coherent [26]. So they
may be represented by an equivalent syn-
chronous motor (ESM), fed by a step -
down transformer (T3). The same argument
¢an be implemented for a group of similar
single and double cage asynchronous mo-
tors. Thus two equivalent machines (ES-
CAM, EDCAM) shown in Fig. 1 are suffi-
cient for the present study.
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It is further assumed that the plant also
includes twenty static loads, which is con-
sidered to act as an equivalent three phase
static load (SL) supplied by an additional
transformer (T6). The SVC, which is con-
nected to the main terminal busbar via an
auxiliary transformer (T7), is a three phase
thyristor controlled reactor/fixed capacitor
type (TCR/FC).

3 - System modeling

This section presents different distinct
models for the system components given in
Fig. 1, which are appropriate for digital
simulations. The models are mostly based
on the rotating dq frame of reference. For
synchronous motor representation it is as-
sumed that dq axes are fixed to the rotor
winding (i.e, Park’s model). To avoid frame
transformation it is further assumed that the
arbitrary speed of rotating dq axes assigned
to other components is equal to the speed of
equivalent synchronous motor (o).

3-1- Three phase synchronous motor
modeling

The three phase equivalent synchronous
motor (ESM) shown in Fig. 1, is represent-
ed by Park’s seventh order model [27].
Hence:

plil=[A] [ [B][i] +[V]] €]
where

[i]=lig ids ikqt ikg ifa ika)'

[V]=[Vqs vas 0 0 v 0]t

The elements of [A] and [B] are given in
appendix 1. The motion equation for the
ESM is [27]:
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equipment voltage during and immediately
after the momentary disturbance of supply
voltage so that the satisfactory functioning
of the equipment is preserved.

The operation continuity of the sensitive
equipment composed of synchronous and
asynchronous motor loads, subjected to un-
avoidable momentary voltage dips is of par-
ticular interest [7, 8]. Traditional practice
such as reclosing and bus-transfer schemes
have been applied for enhancing the opera-
tion continuity while it is necessary to con-
sider preventive measures to minimize the
risk of motor damage. The technique of rid-
ing through momentary voltage dips by
keeping motors connected to their source
during a voltage sag can minimize potential
harmful effects to the motors and enhance
operation reliability [8]. This technique can
be further improved by voltage stabilization
at the point of service by installing a SVC.

In large industrial installations, voltage
drops due to motor starting may also occur
for a certain interval of time. Various stud-
ies [9, 10] have proved that the SVCs can
also be applied to start large three phase
electrical motors, since they support the

voltage and start-up torque and minimize .

the start-up time. These studies prove that
fast controllable injection of reactive power
by SVCs not only decreases the inrush
start-up currents but also makes the reactive
power demand to a certain minimum level
during running conditions. Moreover, the
continuous voltage support reduces the RI*
losses. This is because of the decrease in
motor reactive power demand with an in-
crease in its terminal voltage [11].
Industrial power systems are highly non-
linear and stochastic in nature. So the con-
troller parameters of specific regulating de-
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vice can be optimum for one set of operat-
ing conditions but may not be suitable for
another circumstances. Therefore, various
investigators are studying how to use mod-
ern control techniques to improve the over-
all system performance.

As a well suited alternative to classical
control strategies, the fuzzy logic based
controller (FLC), has been suggested as an
appropriate choice to control non-linear
systems [12]. The basic feature of FLCs is
that the control strategy can be simply ex-
pressed by a set of fuzzy rules which de-
scribe the behaviour of controller by em-
ploying linguistic terms. From these rules,
the proper control action is then inferred. In
addition FLCs are relatively easy to devel-
op and simple to implement.

Some investigations have been per-
formed in the area of applications of -the
FLCs in electric power systems [13-17].
However the implementation of the FLSVC
within the synchronous and asynchronous
motors plant has not been yet seen in the
previous related studies [11, 18, 19, 20, 21].
The main objective of this paper is to en-
hance the voltage profile and the overall
performance of an industrial utilization by
using the FLSVC installed close to a syn-
chronous and asynchronous motor load cen-
ter.

For the current study, the FLC with two
input signals are employed, while the out-
put control signal is injected to SVC volt-
age regulator . The inputs of the proposed
FLC are assumed to be speed and accelera-
tion variations of a specific machine in the
plant. To predict the speed signal, some
speed sensorless schemes have been seen
[22-25]. However in this paper the fuzzy
logic based speed sensorless estimator

75



A Novel Sensorless Fuzzy Controller with
Application to Static VAR Compensators
in Industrial Power Systems

H. Rastegar M. Abedi
Assistant Professor Professor
M. B. Menhaj S. H. Fathi

Associate Professor Assistant Professor

Electrical Engineering Department
Amirkabir University of Technology

Abstract

F T T T T e e e e e e e e A
: The paper presents a simple yet powerful sensorless fuzzy logic based controller applied |
| to static VAR compensator (SVC), in industrial power network consisting of three phase
: synchronous and asynchronous motor loads . In the proposed fuzzy logic based controller :
: (FLC), the speed and acceleration variations of a specific machine are taken as the inputs. :
: In this paper the supplementary fuzzy logic based speed sensorless estimator (FLSSE) is :
: also employed to estimate the speed signal. To demonstrate the effectiveness and capabil- :
: ities of the employed fuzzy logic based static VAR compensator (FLSVC), several non - :
: linear time - domain digital simulation tests are performed. The results show that over a !
i wide range of operating conditions and disturbances, the FLSVC improves remarkably the |
: voltage profile and the overall dynamic performance of the plant compared to the conven- |

: tional static VAR compensator (CSVC). i
b o e e e e e 4
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raised a serious concern {1-3]. General
measures to minimize the effects of mo-
mentary voltage dips, such system impe-

Single Cage Asynchronous Motor (SCAM),
Double Cage  Asynchronous Motor
(DCAM), Synchronous Motor (SM).

1 - Introduction

Most voltage problems associated with
sensitive equipments are related to momen-
tary voltage dips which can occur due to
faults in the supply system. The inability of
sensitive equipment to function properly in
the presence of momentary voltage sags
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dance, have major cost implications.

The effect of momentary voltage dips on
the proper functioning of a particular sensi-
tive equipment may be minimized by in-
stalling a fast - response voltage regulator
at the point of service. This type of regula-
tor includes static VAR compensator (SVC)
[4-6] characterized by fast response time
and virtually unlimited life as well. The
general idea of applying a voltage regulator
(e, SVQ), is to optimally stabilize the
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