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AN EFFECTIVE CONTROL STRATEGY TO ENHANCE STABILITY OF A REHOTE
POWER PLANT, USING STATIC VAR COMPENSATORS

AGath 3 Ay jua Aaaad 1Rl ) Allad pSad iy b
Aadll £ » il Gl ges alicul

Attia A.A
Dept. of Elect. Eng., Faculty of Engineerig,
. Mansoura University, Maosoura, Egypt
Sl Sy el i peass) adlail b bl i e e pSadl] A 5k il o il (gadle
aal ity e sta iy el g i (e Lassiadl e padlly A S CASAEN 4 Wy jml Al
A e gy paSas Ly (SW.C) LSilSin daatyy chaoigg (i (30 (3 55 olai) Ly jpus,
+ (FC/TCR) <t
L,J.h.l,.,_.l.»..:1.1.*.1;1.'...‘.n,_,.'...-..11.1..,.1=:., SW.C) Sl oty a5 pSadll ALl -l G
‘MJJ_--iMJ--LH;u-‘-S-B Jeasi o da i Wk o oliy o dpall e el = Rggl 2 iinim e
P ity 8550 WA Spall gl peaall 515 a5 G ¢ ey el EAYY sl il
A G e SO AasY deay FOITCR Gl AW pa 55550 3 1 liane 2 5ad (585 Lasie
bl el e b (sae g ALY G 1Y e A i . A pr A W Jie Al
iag a1 s Lenial ¢ e 8 el e Ryl ol G i) pSatb 3k i Ziadl pny
cldas WY canal VY RS, Cillga Ve &mmﬂlma“f
Abstract

This paper proposes a control strategy for transient stability
enhancement and damping of power oscillations,using combination type
SVC,connacted to the machine terminals of a remote power plant. The
conbined type of SVC consists of a mechanically switched capacitor
and a fixed capacitor/thyristor-controlled reactor.

The mechanically switched capacitor is used for augméntation
of transient stability.Tts switching controlis based on a phase
plane analysis. The optimal switching curve is regarded to be a part
of an ellipse,which is developed from examining of experimental
Swing curves,

The fixed capacitor/ thyristor- controlled reactor is used for
damping the power oscillations.The influence of supplementary speed
or power signals, 1in the §SVC control loop on system dampimg
ig investigated.

Digital simulation of two systems following a three-phase fault
are performed to demonstrate the effectiveness of the proposed
control strategy.

The paper is received in September 1, 1994,
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List of principal symbols

Synchronous machine variables

Ia = direct axis current

Ie = quadrature axis current

Y4 = direct axis component of terminal voltage

V¢ = quadrature axis component of terminal voltage

v{ = terminal voltage magnitude

Eq = quadrature axis wvoltage behind transient reactance
Po = glectrical power

P« = mechanical power

W = machine angular velocity
& = machine rotor angle

Synchronous machine parameters
= direct axis reactance
= direct axis traomslient reactance
Xa = gquadrature axis reactance
D = damping coefficient
T = direct axis open circuit transient time constant
Tee = qQuadrature axis open circuit transient time ccnstant
H = inertia constant (MWs/MV3)
M = 2H/ [we)
we = rated fregquency (rad/s)

Control system variables

Veet = FC/TCR referance voltags

Vs« = FC/TCR stabilising voltage

Isw = direct axis current of FC/TCR

Isq = guadrature axis current of FC/TCR

Control system parameters

™ = delay time of thyristor circuit

K1 = gadn of thyristor circult

Bc = admittance of fixed capacitor (FC)

BL = controlable admittance of thyristor ¢ontrolled-reactor (TCR)

1. INTRODUCTION

Thyristor controlled static VAR compensators are used in
transmission system applicatiocns [L1,2,3,4|. It can be used to
regulate system voltage, dimprove transmission capacity, eahance
system stabliity and to damp power system oscillations .

The operation of SVC is inherently fast and with appropriate
control, they camn have a large effect on system conditions within
fractions of a cycle of the normal rotor oscillations [5].
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The rewote systems tend Lo be poorly damped, and their high
series impedance means that contrcl on alterpnator exciters may be
relatively .ineffective. Thus, any improvement in damping is
roquired, and it can be acheived by SVC [7].

Many different SVC configurations aze possible. The choice of a
confiquration depends on a number of factors: reactive power
requirements, loss characteristics, harmonic generation and cost [1)
One of SVC configurations is the fixed capacitor/thycistor-
controlled reactor (PC/TCR) with mechanically sewitched capacitor
(SW.C), which 15 called combined type of SVC |[8].

For any &SvC scheme, the firing angle control of the thyristor
banks determines the ogulvaleat shunt admittance presented to the
power asyatem. The input signals to the §SVC controller are the bus
voltage changes and auxilliary Signals at the voltage controlled bus
of the systen

This paper presents a control stratogy for both transient
stability onhancement and damping the system oscillations for a
remote power plant. The first step in the proposed control strategy
is the switching control of the mechanically switched capacitor for
transient stability augmentation. Switch curve for SW.C insertion is
an ellipse which is developed from the examination of experimental
swing curves. The second step of the control strategy is the
operation of PC/TCR of the SVC with supplementary speed or power
signals to damp tLhe systom oscillations.

z, MATHEMATICAL MODEL

The syetem considerd is a remote power plant connected to an
infinite bus through a double circuit transmission as shown in
Fig.1. The synchronous g@nerator o¢of the remote power plant s
described in fourth-order nonlinear mathematical model [6].

S =w- (1)
MW®=Pe - Po - Duw (2)
Td0 Ey = Brc - By - (Xe - X3) Id (3)
To B = - B8 + (X - X3) In (4)

A combination type SVC is used in the study and 1t is
illustrated in Pig.2 |[B8). The MSC bank is switched only for
translent stability augmentation dues to large disturbances such as,
a ground fauvwlt of the transmission line. The FC/TCR part works for
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power system osclillations or works for a small amplitude voltage
fluctuations. Equations of PC/TCR part are obtained as follows:

Va = Lo Jaa + w Lo Ieq (5}
Vg = L Iag - w Lo Ted (6)
Ia = Ita + Iea (7)
Ia¢ = Ite + Isq (8)

1
where Ls = Xr = &3 B

Xr is the reactance of step-down transformer T-a.
3. DESCRIPTION OF THE CONTROL STRATEGY
3.1 Control of Mechanically Switched Capacitor

When the system, shown in Fig.l1 i1s subjected to a three-phase
fault on the transmission system, oscillation of generator zotor
angle and speed occurs. The typical swing curves are shown in Fig.3.
From the well-known curves a feature of the curves can be used for
switching control.

Por a remote power plant, the inter-damping ls gquite small,
therefore, the oscillation in Pig.3 has & long duration time and it
can be approximated as a sinusoidal wave as follows:

W = b sin(t) _
%)
& = a coslt)
Equation (9) représents a typical ellipse equation, a is the length
of the semi-major axis, and b is the length of the semi-mincor axis.
The w - 5 curve, shown in Fig.3 can be approximately viewad as a set

of ellipses with the same centre. Specified ellipse can be s=xpressed
by the following edquation

(5-80)7 | (w-we)®

o cllins (L0)

a’ b*

The set of ellipses has different values of a,b, the same centre
{8o0,w>) and has the same ratio ( u = b/a).

When the SW.C is inserted to the power system,the operating
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point changes and the corresponding swing curve changes also. As
shown in Pig.4, the new operating point is &s and the corresponding
swing curves are moved to the left.Examining the set of ellipses of
centre &a, there is only one ellipse (optimal ellipse) which passes
through the pre-fault cperating polnt J..

If the SW.C is switched off exactly at the pre-fault operating
point &., when the trajectory moves to 3o along the optimal ellipse,
the whole system will return to steady-state immediately.

3.2 Control of FC/TCR

A stabilizing controller for the FC/TCR compensator is always
nocessary in order to provide the required dawmping torque to damp
power oscillations in an effective manner. A static compensator with
only a voltage regulator cannot fulfill this requirement [1,8).

The block diagram of the control scheme ewployed in the FC/TCR
compcnsator 18 shown in Pig.2. By adjusting the firing angles of
thyristors TH1 and TH2 according t¢ the variations in terminal
voltage Vi and speed deviation of the gensrator Aw or power signal
4P, the susceptance of thes inductor Bu. can be regulated in a way
shown 1in Fig.2. The mathematical equations corresponding to Pig.2
are

Er (&Var - AVW + AVs) = ABu + Tr ABL

(11)
BL = Buw + aB

Tr and Kr represeént the delay time and gain of the thyristor
circuits. SVC control loop is very fast as compared to system swing
oscillarions.Thersfore the nonlinear model of SVC can be
approximated to linear model for the purpose of this analysis,

4. PROCEDURE FOR APPLICATION OF THE CONTROL STRATEGY

The contrel procedure inveolved in enhancement the transient

stability and damping of the power oscillations is given in the
following:

Step 1: The SW.C is switched on at fault clearing by the line
protection. When AS starts Dbeing negative, the 8SW.C is
switched off. The trajectory of (flrst) insertion is AB as
shown in Fig.6. The AB trajectecry is a portion of swing
curve corresponding to the power system configuration
(after clearing the fault) with inserted SW.C
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Step 2: The second Iimsertion of MEC is when the trajectory acrives
at polnt € which belongs to the optimal ellipse. Then,
switcking off at point O.

Step 3: The power oscillations are damped uvsing the FC/TCR
compensator,The stabllizing control signal 1s the generator
gspeed deviation Aw or powar deviation Signal.

5. SIMULATION RESULTS

The proposed control strategy is applied ko the following power
Eystems:

i. The remote power plant connected to an infinite bus through
a double glrcult long transmission line,as shown in Pig.l,
Its data are giver in Appendix. The disturbance initiating
transients is a three~phass fault occuring near the remote
genarator at the end of transmission line.The fault is
cleated in 0.14 s by opening one of the double circuits.

The digital tims simolation shown in FLJ.5 depicts generator
rotor angle &, speed w, terminal voltage AVe and power P without SvC.

Flg.5 shows also the sawe variables wheo 2 5W.C of 0.25 pu rating is
employed,

Without SW.C ths syst=m I3 unstable. With SW.C, the transient
stability can be augumentad in a rapld manmer. The J-u trajectorv is
ghown in Fig.6.

Por determination ths optimal ellipse egueation, the following
resulls are requried:

o = 46.14° = 0.840 rad
§a = 27.20° = 0.475
a = Sp = 8a = 0,365 rad.
i = 0.022
b =ua = (.008
Substitutiog in egn. (10),the optimal ellipse eguatlon is

2 2
[& 0.840) 3 {w 1.2] = i t12)

(0.3689 2 (0.008)°
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Fig.7 shows the generator rotor oscillations, due to the above
disturbance but with duration of 0.12 sec. Curve (a) corresponds to
the case without contreol. Curve (b) and curve(c) correspond to the
use of speed and power deviation feedback signals in the loop of
FC/TCR compensator,respectivilly. It is noted that the use of FC/TCR
compensator enhances the damping of rotor oscillations. The best
rotor angle damping is obtained when using power signal in the
control loop.

For the above fault with duration of 0.14 sec, the response of
rotor angle 1is obtained, as shown in Fig.8. Without control,the
system is unstabile (curve a). With SW.C only, the system is stable
in the first swing and the subsequent rotor angle oscillations are
greatly damped (curve b). The oscillations are totally stopped in
1.0 period of oscillation of rotor angle, when SW.C and FC/TCR are
applied together to the system (curve c).

2. The 10-genarator, 19-bus power system described in [9). Fig.9
illustrates the network configuration.The machine and
network data are given in Appendix. Generator ©No.1l
represents the remote power plant. Three-phase fault near
generator No.1l of 0.40 s is investigated.The generator rotor
angles and speeds are represented in CCA reference frame as

follows:
Bi = &1 = &o (13)
W= W o— We (14)
n
where So =) & My / Mr
L

n
Wo = § Wi My / M1
1
where My 18 the inertia constant of generator i and Mr is defined by
n
Mr = 5§ M
1

The generator rotor angles 8i responses are shown in Fig.10.
For the above disturbance, generator No.1 runs out of step firstly
and thus it is responsible for the first swing instability.

Fig.11 shows the effect of using SVC on the system response.
MSC provides augmentation of transient stability. The 8 — w curve of
generator No.l is shown in Fig.11.
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Using of FC/TCR with aditional supplementary contrgl signals
provides significant improvement in damping of rotor oscillations as
shown in Fig.132.

6. CONCLUSIONS

The paper presents a control strateqy for transient stability
augmentation and damping the power system oscillations due to large
disturbances, using combined type of static VAR compensator.

The switching control of mechanically switched capacitor
isbased on phase plane analysis. Two- insertions of the switched
capacitor are required for rapid transient stability
improvement.Optimal ellipse eguation requries the equilibrium of the
system with switched capacitor on (for the same mechanical power
input), which can be calculated off-llne by load flow calculations
which will be stored in a look-up tabln.

The FC/TCR compensator with a speed or power deviation as a
stabllizing sigral is effective in damping the subsequent peower
system oscillations. Power supplementary signal is more effective
than speed signal in damping rotor oscillations.
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APPENDICES

1.The parameters of the single machine infinite bus system are

M=10s Xd = 0.29 p.u Xa = 0.8 p.u
X = 0.12 p.u Xtz = 0.08 p.u

The operating point considered is

Po = 1.0 p.u Bz80 = 1.115 < 48.2° v = 1.0 .U

The parameters of the FC/TCR compensator are

Tr = 0.15 s Ke = 50

2.The parameters of the 10-generator and 1%-busbar system and load
flow calculations are given in Reference [9].

The operating points of system generators are (base MVA = 1000)

No. of Bo Vt E 3o
generator (p-u) (p.uw) (p-u) (deg.)
1 1.457 1.00 1.544 10.2
2 0.240 1.033 1.581 3.28
3 0.350 1.005 1.542 4.99
4 0.900 1.009 1.475 2.90
5 0.120 0.939 1.125 -2.50
6 0.550 1.067 1.328 -16.70
7 0.229 0.932 1.178 6.78
8 0.260 1.003 1.578 0.20
9 0.330 1.104 1.660 5.28
10 0.960 1.091 1.222 -20.50
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