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Abstract: This study presents the comparative studies mn order to evaluate the effects of Static Var
Compensator (SVC) and Distribution Static Synchronous Compensator (D-STATCOM) on dynamic and
transient performance of Common Shaft Cascaded Induction Motors (CSCIMs) which are commonly used in
deep well digging plant (i.e. o1l wells). The dynamic and transient events presented in this paper include system

starting, supply voltage sag and swell as well as supply disconnection and recommection. Modeling and
simulation results of the presented events are based on well known MATLAB/ Siun Power Systems (SPS)
blocks. The simulation results show that the D-STATCOM has a superior performance over SVC.
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INTRODUCTION

The mvestigation of dynamic and transient behaviour
of three phase induction motors has been an attractive
subject (Kraus, 1965; Smith and Sriharam, 1967, Sarka and
Berg, 1970, Nath and Berg, 1981; Lin et al., 1986) for a
long time owing to their practical application in industry.
For prediction of transient phenomena, appropriate
modeling of induction machines is very important. Several
models have been well developed such as phase
coordinate and d, q models, which have even appeared in
classical textbooks (Adkins and Harely, 1975; Krause,
1986; Boldea and Naser, 1986; Hancoolk, 1974).

The Static Var Compensator (SVC) 1s a shunt device
n the Flexible Altemating Current Transmission Systems
(FACTS) family using power electronic devices to
enhance power system operation (Chang and Yu, 1999;
Abdel-Rahmean et al., 20069, Iing Zhang et al., 2007). The
SVC can also be employed to enhance distribution system
and industrial plant operation (Rastegar et al., 1999
Abedi et al., 1998). The SVC generally regulates voltage
at its terminal by controlling the reactive power injected to
or absorbed from the power network. In fact, the SVC
generates or absorbs the reactive power when the terminal
voltage is low and high, respectively. The variation of
reactive power 1s performed by switching three phase
capacitor or mductor banks. The SVC 1s usually
composed of two main parts, namely:

¢ Thyristor Switched Capacitor (TSC).
»  Thynstor Controlled Reactor (TCR).

The static synchronous compensator (STATCOM) is
also a shunt device in FACTS family using power
electronic devices to control power flow in order to
enhance power network operation (Giroux ef al., 2001,
Freitas et al., 2005, Eldery et al., 2007; Sensarma et al.,
2002). The STATCOM regulates its terminal voltage by
controlling the reactive power imected to or absorbed
from the system. The STATCOM performs the same
function as the SVC, however, at the voltages lower than
the normal voltage regulation range the STATCOM can
generate more reactive power than the SVC. In addition,
the STATCOM normally extubits a faster response
compared to SVC, due to its voltage source converter
(VSC) in which provides no delay associated with
thyristor firing (Sim Power Systems, 2006). In distribution
network, STATCOM 1s called D-STATCOM which
enhances the distribution network operation.

In the literature, little attention has been paid to
evaluation of dynamic and transient performance of
common shaft cascaded mduction motors (CSCIMs),
which are widely used in deep well digging schemes,
particularly in the oil industry. In Ogata (1970) evaluation
of transient performance of CSCIMs 18 reported. However,
the effects of presently popular FACTS devices such
as SVC and D-STATCOM on dynamic and transient
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behaviour of CSCIMs have not seen yet which in fact our
main goal m this study 1s. In this study 3 dynamic and
transient events are simulated using well known SPS (Sim
Power Systems, 2006) library and the results are presented
namely:

¢ System starting.
*  Supply voltage sag and swell.
¢ Supply disconnection and reconnection.

SAMPLE SYSTEM

Figure 1 shows the general schematic diagram of the
studied system which consists of n similar CSCIMs. The
3 phase stator windings are connected to 3 phase main
bus (i.e. bus M). Bus M is also supplied by 20/2.3kV, 15
MVA,A-Y 3 phase transformer (T1) and s connected to 3
phase feeder via Circuit Breaker (CB1). T1 is also fed by 2
km, 20 kV 3 phase distribution line connected to
equivalent 20 kV, 500 MV A source. In the sample system

*»  One can assume that half of the inertia for each shaft
segment is added to the rotor inertia of adjacent
motors.

In this study, the first assumption has been employed.
PROBLEM FORMULATION FOR CSCIMS

Electrical model for the induction motor: In this study,
the stationary d, ¢ frame of reference has been employed
for the induction motor modeling (Lin et al., 1986; Krause,
1986; Hancook, 1974). Stator windings are represented by
two coils, each located on the d and q axes. The rotor
windings are also modeled by 2 short circuited coils, one
located on each axis. The electrical model for prediction of
the transient performance of the jth motor in Fig. 1, based
on the stationary d, q frame of reference is (Lin et al.,
1986; Adkins and Harely, 1975; Krause, 1986, Boldea and
Naser, 1986, Hancook, 1974):

we also provide the facility in order to connect SVC or D- Where P =ATHBY, @
STATCOM through 23 phase coupling transformers (T2 ’ T
and T3) via 2 circuit breakers (CB2 and CB3) for further [=lis e de gl (Z)
Investigations. _ T
Figure 1 also depicts the mass and spring Vi Ve Vi Vi Vil (2b)
configuration of all rotors m CSCIM scheme and -
illustrates the mechanical load and shaft stiffness due to A = L A“:J Alzd {(3a)
different shaft segments. To represent the shaft inertia, A i AZ],J Ag, i
two possible methods can be employed: B
*  One can assume that the whole shaft inertia (7,) is B, = 1 Bu, Blz’J} (3b)
located at the end point of the common shaft (Fig. 1), A _B 2j Ba,j
2km
nk Distbutionfie_ pogy ™) 23%y
A
QURBHT—7r PR 3EHE
3 phase feeder
Bquiv. 20 Kv 3 phase D-Y
500 MVA source 2 transformer
| _cB2
EACSIN o 51l % g— -
] . \ \ \ cB4
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D, 3 e
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Fig. 1: Schematic diagram of the studied system
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And:
2
N fLrJRSJ I\/IJ W, (42)
" 7MJ?COTJ LRy
A = MJRIJ MJLIJCOTJ (4b)
) _MJLTJmU MJRIJ
A - MR, -ML,o, (4c)
o ML o, MR,
A — LRy —LyLye; (4d)
o LLe,  -LR,
By, =L,L (5a)
By, =By =-MTI, (5b)
By =L, L (5¢)
A =T, L,- M (6)
I,= 2x2 unit matrix (")
Note that:
Ly =Ly + M, (8a)
L,=Ly+M, (8b)

The d, q components of the stator voltages for the jth
motor in the stationary frame of reference are (Hancook,

1974):
_ {2 9
quo, 5§ _J; Cvabc, 5 ( )
Where,
vdqu, i = [vds] vqs] vosj]T (loa)
Vabc, 5] = [vag Vhs] Vcs_]]T (10b)
b1
2 2
c=lo B B an
2 2
L
N
But:

Ve s = Vo [cosh  cos (A-2/3) cos (A+2I1/3)]" (12)

Where,
A=wit+a
Thus:

3 .
Vigorsi = \/;ij [cos A -sini0]" (13)

Since, the rotor windings are short circuited, it is clear
that:
Vigps =[0 0 0] (14)

The developed electromagnetic torque of the jth
motor 1s;

MjP (15)

1, = (ldrj Losj ~ Lo ldSJ)

] 2

Mechanical dynamic equations: According to, Fig. 1, the
equations of motion for each induction motor concerning
the shaft torsion torque (1.e. shaft stiffness torque) in each
shaft segment and the friction torque are:

Ipw,=T,-T, -Ty (16a)
ILpw,=T,+T,,-T,;-Tg (16b)
Ipw, =T, +T,,-T,;-T, (16j)
]:npmm: To+Toni - T - T {(16mn)
T+ pw, =T, -T, -Ty (lont1)

Tt is assumed that (Ogata, 1970):

¢ The frictional torque is proportional to the speed.

» The torsion torque (ie. stiffness torque) 1s
proportional to the difference between the angular
positions of both ends in each shaft segment. The

constant of proportionality is called the stiffness

factor. Thus:

Ipw, =T, -k, (6,-6,)-D, w, (17a)

Ipw,=T,+ ksh,l (6,-0,)
-k, (6,-6) -D, w, (17b)

]men = Te] + ksh,]rl (e]rl - 61)
-k, (61 - Bjﬂ) -D oy, 17

Inpmm = Ten + ksh,nrl (en—l - en)

- ksh_n (en' 6n+1) = Dn W, (1711)
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(]—LJFJ-sh) me = ksh_n (en - eL) - T - [ ol oz Tej Ten TL ]T
T, -DLoy (17n+1) total — I, ] i Tl
Also: 24
pbi=w, I=12 ...n (18a)
. D, D D D D
D, =diag[ L2 — — L ]T
Pl =, (18b) I 1, I 1, Ja+I
. (25)
General formulation: For complete system transient
studlf?s, the following electrical and mechamcal dynamic 6.,=[6, 6, 6, 6. 6, (26)
equations based on the above discussions should be
solved simultaneously for CSCTM plant: r k., ks, 7
fT’ En 0 0 -0
Pl = A Lot Buoa Vi (19) 1 1
Koo (ko k) ki
- 0 -4
Where, Ko = 1, 1, Iy
L= T.... J LI (20a) : : : :
Ve =LV, V...V, V. (20b) 0 0 Ko K
L Totl  Ta+I |
A= diag[A A, . A AT (21a) 27
Btutal = dlag [Bl Bz :BJ Bn]T (21b) Fmally
And: petutal = ("‘)tntal (28)
MODELING OF CSCIMS USING
POuea = T = Dyt O T Ko 610 (22) MATLAB SPS BLOCKS
Where, Based on above formulation, simulink diagram for
Wyra = [0 @, Wy w, ] (23 electrical and mechanical parts in cascade scheme shown
Alg—ala—alA B—aua|A alg——aa ajg—=a —gfa B—a|A
1|-®w’-|]||‘-5=—= —= 3T 1-B s—a|B %bn—ntbn—n —ngHB sve
clp—alla—slc C B—a|c s o c c ale Cla—a|C
Equiv. 20 Kv Bl 2 km B rmeDY CB1 Bus M i o a
alb Ble—8[B D STATCOM
—oa|c C [g—n|C
CB3

Fig. 2: Simulink diagram for the electrical parts of common shaft cascaded induction motors
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Shaft No. 5-L

<He—0

1AL +Jsk)

>

Fig. 3: Simulink diagram for the mechanical parts of
cominon shaft cascaded induction motors

A 4

L

Fig. 4 Simulink diagram for each shaft segment in
Fig. 3

m Fig. 1 can be illustrated as Fig. 2 and 3, respectively. In
present study it is assumed that there are 5 similar
cascade motors and mechanical load is coupled to the
fifth motor. The detailed representation of SVC and D-
STATCOM 1n simulink environment will be presented in
next sections. Figure 4 also shows each shaft segment in
simulink environment for clarification of associated blocks
i Fig. 3. The related data for cascade scheme are given in
Appendix.
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APPENDIX

A Data for each motor:

2250 hp, 23kV,60Hz, P =4,
R,=0.098. R =009 Q,

L.,=152mH L,~=1.52mH, L =34.6mH,
J=123kgm>, D=0

B. Shaft Data:
K= ko= ky o= k. = 200 000, ky ;= 100 000.
JT.,=55kgm™.

. Mechanical load data:
T.=05w, Nm,J,=5kgm™, D, =0.

D. Two km Distribution line and transformer data:
60 Hz, 3phase, transposed line with following
positive, negative and zero sequence data:
R1=R2= 0.1153 ohms km ", RO = 0.3963 chms lan ',
L1=0L2=1.048-3Hkm ', L0=2730¢e-3Hkm™*
Cl1=C2=11.33¢-9F km™!, CO=5338-9F km™'
All transformers assumed to be 1deal.

E. D-Statcom Data:

]

E

DC Link Voltage Vde =10kV,
AC Voltage Regulator Kp=1,Ki=10;
DC Voltage Regulator Kp=1,Ki=10;

Current Regulator Data : Kp=1,Ki=10,Kf=0.22.

D-STATCOM MODELING USING SPS BLOCKS

As mentioned previously, a D-STATCOM is a power
electronic system which mainly 15 equipped with a
complex control system (Giroux ef af., 2001). In this study,
1t 1s assumed that a 3 MVar D-STATCOM is commected
to sample system via coupling transformer T3 and
associated circuit breaker (CB3). Figure 5 depicts a
simulink diagram which represents the D-STATCOM. The
primary side of coupling transformer T3 is fed by a
voltage sowrce pulse width modulation (PWM) inverter
consisting of two isolated gate bipolar transistor (IGBT)
bridges. A low pass filter bank 1s also employed at the
inverter output to absorb harmonics. A 1000 pF capacitor
15 used as dc voltage source for the inverters. In the
proposed scheme, it 15 assumed that a PWM pulse
generator with a carrier frequency of 1.76 kHz 1s used to
control both IGBT bridges. The employed modulation
scheme is sinuscidal type. The control system block for
D-STATCOM shown in Fig. 5 is clarified by diagram
shown in Fig. 6. This figure shows that the control
system consists of several subsystems such as: Three-
phase Phase Lock Loop (PLL), measurement system,
current regulator, dc and ac voltage regulators. The
function of above subsystems 1s extensively described in
Giroux et al. (2001) and Sim Power Systems (2006).
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Fig. 5. Simulink diagram for D-STATCOM
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Fig. & Simulink diagram for D-STATCOM control system
SVC MODELING USING SPS BLOCKS

As mentioned previously, SVC 15 usually composed
of Thyristor Controlled Reactor (TCR) and Thyristor
Switched Capacitor (TSC) associated with a control
system to regulate its terminal voltage. In this study,
we consider a 4 MVar device including 3 TSC's (3x1 MVar)
and one TCR (1x1 MVar) which is connected to sample
system through coupling transformer (T2) and associated
circuit breaker (CB2). The SVC is connected to primary
side of 11/2.3kV, 4 MVA 3 phase coupling transformer
(T2). Each 3-phase bank in TCR and TSC scheme is
comnected m delta therefore during normal balanced
operation triple harmonic components (3rd, Sth...) would

be trapped providing reduction in harmoenic injection mto
the power system. Figure 7 shows the simulink diagram
for employed SVC. Using proposed configuration, TSCs
switching provides a discrete variation of reactive power
in primary side of transformer (T2) from zero to 3
capacitive MVar with 1 MVar steps. However the phase
control of TCR provides a continuous variation of
reactive power from zero to 1 inductive MVar. Figure 8
shows a simulink diagram representing the SVC controller.
This figure shows that the controller consists of several
Measurement system, voltage
regulator, Distribution unit, Firing unit. A detailed

subsystems such as:

description of the subsystems 1s given m Sin Power
Systems (2006). The SVC controller momnitors the voltage
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Fig. 7: Simulink diagram for SVC connected to main bus (bus M)
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Fig. 8: Simulink diagram for SVC controller

at secondary side of transformer (T2) and provides
appropriate pulses for 24 thyristors (6 thyristors per 3-
phase TCR and TSC bank) in order to obtain the
appropriate susceptance required by voltage regulator.

SIMULATION RESULTS

The simulation results presented in this study is
related to transient and dynamic performance of five
similar 3 phase CSCIMs in presence of SVC (i.e. CB2 is
closed) or D-STATCOM (i.e. CB3 is closed). The system
data are given in Appendix. All results presented for
different cases belong to behaviour of the fifth motor (i.e.
the nearest motor to mechanical load).

Starting: In this case, it is assumed that all CSCIMs are
started at t = 0 by closing relevant circuit breaker (CB1) in
no load condition (i.e. no mechanical load acting against
the common shaft). Figure 9-12 illustrate the speed,
torque, terminal voltage and stator current of fifth motor
during starting period. It can be seen that the D-
STATCOM makes the starting process faster (i.e.
according to the starting time in Fig. 9), easier (i.e.
according to the starting torque in Fig. 10) and superior in
quality (i.e. according to the terminal voltage and the
motor starting current in Fig. 11 and 12) with respect to
SVC.

Distribution

Firing unit

unit
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Fig. 9: Speed of fifth motor for case |

=== Without SVC and D-STATCOM
With SVC

10000

5000

Te-N.m

-5000 *
0 8

6

Time (sec)

Fig. 10: Torque-time characteristic ~of 5th motor for

case 1

Supply voltage sag and swell: In this case it is assumed
that after loading process a 10% supply voltage sag
is occurred at t = 20sec at the sending end of
20-kV distribution line and is cleared at t =21 sec. It is also
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Fig. 11: Main bus phase to phase rms voltage for case 1
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Fig. 12: Stator rms phase current of fifth motor for case 1
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With SVC
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Fig. 13: Speed of fifth motor for case 2

=== Without SVC and D-STATCOM
With SVC
— With D-STATCOM

5000
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z - L : :
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Fig. 14: Torque-time characteristic of fifth motor for
case 2

assumed that a 10% voltage swell is occurred at t =22 sec
at the sending end of 20-kV distribution line and is cleared
at t = 23 sec. Figure 13-16 show the speed, torque,
terminal voltage and stator current of fifth induction
motor related to this case. It can be seen that the D-
STATCOM has a superior performance over SVC in order
to regulate motor speed (Fig. 13), motor torque (Fig. 14),
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Fig. 15: Main bus phase to phase rms voltage for case 2
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Fig. 16: Stator rms phase current of fifth motor for case 2
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Fig. 17: Speed of fifth motor for case 3

15000 .
=== Without SVC and D-Statcom

L n L L L

215 22 225 23
Time (sec)

235 24

Fig. 18: Torque-time characteristic of fifth motor for
case 3

terminal voltage (Fig. 15) and motor current (Fig. 16)
during the sag and swell events.

Supply disconnection and reconnection: In this case it is
assumed that after loading process, the supply is
disconnected at t = 20 sec (i.e. CB1 is opened) and
reconnected at t = 22 sec (i.e. CB1 is closed). Figure 17-20
show the speed, torque, terminal voltage and stator
current of 5th induction motor related to supply
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Fig. 19: Main bus phase to phase rms voltage for case 3
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Fig. 20: Stator rms phase current of fifth motor for case 3

disconnection and reconnection. It can be seen that the
D-STATCOM has a superior performance over SVC in
order to regulate motor speed (Fig. 17), motor torque
(Fig. 18), terminal voltage (Fig. 19) and motor current (i.e.
Fig. 20) during supply reconnection event. It can also be
seen that the SVC and D-STATCOM has approximately a
same performance during supply disconnection event.

CONCLUSION

This study presents the comparative studies in order
to evaluate the effects of SVC and D-STATCOM on
dynamic and transient performance of CSCIMs. To
achieve this aim, 3 case studies are presented and detailed
simulation is performed wusing well known
MATLAB/Simulink software. The results show that the
D-STATCOM has a superior performance over SVC in
order to enhance the dynamic performance of CSCIMs. In
the present paper the efforts have been made to regulate
the motors terminal voltage by SVC and D-STATCOM in
order to enhance the dynamic responses. Regulation of
more than one index at the same time (i.e. load power
factor and load terminal voltage) using other FACTS
device such as unified power quality conditioner (UPQC)
is a subject of authors’ present research.

Nomenclature:

D . Viscous friction coefficient.
1 Current.

J Moment of inertia.

K Stiffness factor.

L Inductance.

M : Mutual inductance between stator and rotor
windings.

p = d/dt.

P Number of poles.

R Resistance.

T, T, : Motor and load torques.

T, :  Friction torque.

T, :  Shaft stiffness torque.

Greek letters

o . Supply phase angle (= 0).

0 . Rotor angular position.

W, . Load speed.

W, . Rotor speed.

t : Time.

Subscripts

d,q : Direct- and quadrature-axis quantities

a,b,c : Phase quantities.
j :  Motor number.

1 . Leakage quantities.

r, s . Rotor and stator quantities.

sh :  Shaft quantities.

0 :  Zero sequence.
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