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ANALYSIS OF A CO-QORDINATED GOVERNER/EXCITER STABILIZER IN MULTIMACHINE
POWER SYSTEMS BASED ON THE TRANSIENT ENERGY FUNCTION
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ABSTRACT

This paper describes, the application of transient energy function
and some laws of theoretical mechanics necessary to the problem of
analysing co-ordinated stebilizer in a multimachine power system . The
co-ordinated stabilizing inputs for the exciter and govermer loops to
improve  transient stability in the power system are defined. The
different energies in the power system are analysed. If the power: system
1s asymptotically stable in the first swing cycle, the rate of change of
total transient energy must tend to zero. This constraint is accomplised
by the proposed stabilizer. The stabilizer is designed on the base of
balancing its forces with the necessary forces to damp swings of
generator rotors.

The effectiveness of the proposed stabilizer is demonstrated by
applying it to a generating staticn in a l@-generator and 19-bus power
system, which represents the reduced Egyptian Unified Network.

INTRCDUCT ION

In modern power systems, improved transient stability is an
important censideration in the reliable and efficient operation of the
system. The practical approaches to transient stability control can be
classified into two types of action:

- methods requiring charge in the network
- methods altering the conventional operation of AVR and/or governer

All changes in the network require additional switchgear and timing
equipment ,which are somewhat expensive and complex.

The implementation of excitation and/or governer control, through a
voltage regulakor and a turbine governer, d'ont requries such eguipment
{switchgear and timing eguipment) The action of the conventicmal wnits,
in improving stability, is enhanced by the use of carefully designed
supplementary control.
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The theory of conventional AVR, on transiont stability {1,2) has
been will established. Additional signalg, other than terminal voltage
feedback in the excitation system, have been proposed (3,4].

The use of additional signals in the turbine governer loop has also
been studied (4]. A frequency response method (5] was used to examine the
effect of the time-integral of speed deviation added to speed deviation.

Most of supplementary excitation control {6,7) and turbine control
{6,7] in power systems, are derived on the base of a simple power system
{generator connected to an infinite bus through transmission system).
They may be effective in case of a power system only, otherwise, their
effectiveness in multimachine power systems is not insured.

This paper proposes a design of a co-ordinated exciter/goveri.er
stabilizer. The design is based on the transient energy function and some
laws of theoretical mechanics., Through analysis of the different energies
in the power system, the total energy of the power system is deduced. For
asymptotic stability of the system, the rate of change of the total
energy must tend to zero,This constraint can be accomplished by the
proposed stabilizer. The stabilizer is designed on the base of balancing
its Fforces with the forces, necessary to damp swings of generators
rotors. The paper describes theoretical aspects of the design procedure
and application to multimachine power system.

ANALYSIS OF TRANSIENT ENERGY FUNCTION . i
An n-machlne system is considered here, as shown in Fig. 1. The

dynamics of each generator, without taking the damper winding into
consideration, are represented by the following eguations:

0
Wi Gwi/dt-(PTi-Pii)+ > Pij sin(Sij-exij)=6
341 (L)

dbi/dt=wi

where
Mi =inertia constant of generator i
81 =angle behind Xd of generator i
wi =rotor speed of generator i
PTi=mechanical power input of generator i
Pii=Ei.Ei Yii sin okii
Pij=Ei.BEj Yij
Ei,Ej=voltages behined Xd of generator i and j. They are variables
depending on a certain function, as discused below.
Yii=deriving point admittance for internal node of generator i
Yij=transfer admittance between internal nodes i and j

The motion o©f the center of inertia reference frame, COI, is
determined by [8]

He dwe/dt-(PTe~PEe)=0 (2}
where
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Fig.l Basic System for Design Co-ordinated Stabilizer

Integrating eq.{l) with respect to rotor angle 8i and using as a
lower limit §i=80i, where Soi is the initial position of rotor i, and
summting for n equations, yields

2 2 n_¢6i 8i n_ n

Ef:ﬂi(wi—woi)/2—§:: S {PTi-Pii)d&i+ S E:::Z:Pij sin(bij-c«ij)abi
i=1 i=1 J%in Bio i=1 j#i (3
The first term of eq.(3) is the system kinetic energy,VK, with respect to
the system initial position. The second and third terms represent the
rotor potential energy and the energy stored in the power system,
respectivey. As known in the literature, the term “potential energy" is
used to indicate the last two terms [8].

I1f the power network is represented by the so-called classical model
[9], where the voltage behined Xd and mechanical input are constant and
equal to the corresponding initial values (PTi=PToi, Ei=Eci and Ej=Eoj),
the potential energy function in eq.(3) becomes (with d8i=wi dt)
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£ n t n n
vpc,:_g S (PToi-Poii)wi de+] S 3 "Poij sin(dij-ocij)wi dt
, to i=l to i=l j¥l {4}

where
2

Poii=Boi ¥Yii sian exii
Poij=Eoi.Eoj Yi)

The Xinetic energy, WVK', associated with all generators (internal
kinetic energy) is the difference between the total kinetic energy of the
power system, VK, and kinetic energy of the COI, VKe [18]

YK' = VK - VKe

n 2 2
=Z Mi wi /2 - Me we /2
i=1

it
=5 Mi wie /2 {5)
i=1

Where

wie = wi - we

Integrating eq.(2) with respect to the COI angle He, using as a
lower limit Ge=0eo, whete beo is the initial position of COI, yields

Be a n
S Y pij sin(Bij-otij)abe=o

2B 0 Be
!Tre('.-.g—ucoj/Z—Ej (PTi—Pii}dCe+j
Seo i=1 j#i {8)

i=1 Yoeo

Equation {6} represents the total transint enercgy of COI. The first term
is the COI kinetic energy, VKe, and the remaining terms represent the
potential energy of COI, VPe.

For classical medel, the poteatial enetgy function of COI in eq. (6)
becomes

t n t n n
VPeo=i§ § (PToi-Poii}we dt+S E E::beij sin(ij-ocijiwe dt
te i=1 to i=l j#i {Nn

Subtracting eq.{4) from eq.{(3) and substituting by eq.{6) ino the
obtained egquation,yields

n 22 Bie n die n n
ZMi{wie—wieo)/Z—j ZPTi-Pii}dSiwj S5 Pij sin(5ij-ocij)abie
1=1 ieo i=1 Sieo 1=1 J#i1 ({8)

Equation (8) represents the total energy of rotors of the
synchronous generators with respect to the COI., First term in eg.(8) is
the kinetic energy,VK',the other two terms are the potential energy,vP'.

For classical model of the power system, the potential energy in
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&q. (8) becomes

t n t n n
VPO'=-S S (pToi-Poiijwie dt+| ST S Poii sia(Bij-oxij)wie
to i-1 to i=1 %1

STABILIZER DEFINITION

Now, suppose that the disturbed power system is affected by the
supplementary control and becomes dissipated system, i.e the following
constraint is fulfilled

dv/at < @ (19)
where
V = VK + VPo

For fulfilling constraint (10), i.e for damping rotor swings, the
supplementery control action Ui(t) must be designed on the base of
balancing its forces, which are necessary to damp rotor swings, with the
forces equivalent to the friction forces. The energy VF, corresponding to
the friction forces can be defined as follows [10]

VF = 5217 at ; (1)
n 2
F = E Kiwi /2 ) (12)
i=1
where

F =dissipating function, affected by the supplementery control
Ki=generalized friction coefficient

The dissipating function F can be represented by summation of F' and
Fe as follows

F =F'+ Fe (13}
where
n 2
F' = >  Ki wie /2 (14)
i=1
angd
n .2
Fe = E Ki we /2 (15}
i=1

F' and Fe are the dissipation energy of roteors of system generators and
disspation energy of the COI respectively.

If the power system is controlled, the following equation must be
governed

V + V£ = const (16)
or
dv/at = -2F {n
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Equation (17} shows that the power system is dissipated only in the
case of positive values of dissipating function F. Eq.(17) can be
subdivided into the following two eguations

av'/de = - 2@ ) ] {18}

dve/dt = - 2Fe {19)
where

V' = VK' o+ VPO’ (29)

Ve = VEke + VPeo {21)

Substituting values of V' and F' in eq. (18}, yields

n n n
Z[ [PTi~PTOi) - (Pii-Poii) IWie—Z Z(Pij—?oij) sin(bij-xifiwie

i=l i=l jri
n 2
+ E :Ki wie = B {22)
i=1

Simillacly, substituting the values of Ve and Fe in eq. (18),yields

M n o]
> 1ETi-PTOi)~{Pli-Poii) we-p _ ¢ _ {Pij-Poij) sin(8ij-exij)we
i=l i=l jzi

n 2
+§ Kiwe =0 {23)
1=1

Equations {22} and (23) are npot sufficient for determining
supplementery controls applied on the excitation system (UEi(t)) of all
syncnronous generators and supplementery controls applied on all turbine
governers {(UG1(t). However, this problem can be solved by assuming that
the supplementery controls acting only on one turbine-generator unit
(unit i) and the remaining units of the power system are uncontrolled,
i.e, Ej = Eoj = E'j = E'g]j and PT]j = Ptoj.

According to the above assumption, eq. (21} and eq.(22) can be used
to formulate two equations for UEi(t) and UGi{t), as follows

n
{PTi-PToi) - {Pii~Poii)-2 _ (Pij-Poij) sin(Sij~ocij)+Ki wie = 0
J#d (24)

n
(PTi—PToi)—(Pii—Poii)—E (Pij-Poij) sin{dij-o¢ij}+Ki we = @
jFi {25)

Each of eg.(24) and eg.{25) can be used for determining the
supplementary excitation (SE) control or supplementary governer (SG)
control. However, the effectiveness of the SE control is increased, when
used for damping rotor swings of generator i with respect to the COI.
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Substituting UGi(t) = & in eqg.(24), yields -

11
(Pii-Poii)+» . (Pij-Poij) sin(Sij-ocij) = Ki wie (26)
Jfi '

On the other hand, the effectiveness of SG contrel is increased when
used for enhancing damping of oscillations, which cccur in the power
system as a whole, i.e control of system frequency deviation [(Aafav) from
its initial value {fo), where Afav = we/271. Therefore, 5G control is
obtained from eq.(25), by substituting UEi(t) = @ :

(PTi-PToi)+Ki we = @ {27}

Assuming that the inertia of AVR is neglected. This assumption holds
generally,if the electromagnetic inertia of rotor circuit is
compensated by: for example, the rotor current as a negative feedback
signal [l1]. In this case, the forced component of synchronous generator
emf (Egei) is determined by the following equation:

Egei = (l-Kei) Egeyi - Kei Eqi (28)
where
Kei = acceleration ccefficient
Egeyi= component of Egei, which changes corresponding to the change
of Eqi
It is known that, the electromagnitic transient in rotor circuit of

generater i, is described by
Egqei = Eqi + Tdoi dEai'/dt (29)
Substituting =9.(28) in eq.(29), vields
Egi = Egeyl + |Tdei/(l+Ke1)) .dEgi'/dt (30)

If Kei tends to infinity, the last term in eq.(3B8), conseguently,
tends to zero and eq.(38) becowes

Eqi = Egeyi = Egoi + UEL(K) {31)

Substituting eg. (31) in eq.{26), yields

9]
(UEi (k) +2Eqoi) UEL(t) Yii sin{ocii)+ 2 __ UEi(t) Bgoj Yij sin{Sij-o<ii)

jr1
= Ki wie (32)
For o~ii = 0 (in the case of long distance between generator i and the

main load centre}, the UEi{t) becomes

n
UEL = Ki wieXE o) Yid sin{bij-odi) {33)
J=L
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If generator 3 at a long distance from the remaninig generators ‘j
(j=17n,i#j) ,the power system can be considered as a generator 1 is
interconnected, through transmission ling with no nodes of power take-off,
with eqguivalent bus of constant voltage (Ee} behined eguivalent reactance
of Xe. Thus,

UEi = Ki wie/ Ee Yie sin{Bis—c<ie) . {34)
or

UEi = Kwi wie sign(Gie-ccie) {35)
or )

UEL = Kwi wie (38)

Effectiveness ¢f SE control of eq.(35) is increased with increasiqg
the output of generator i.For heavy loads of generator i, the sign of cie
is unchanged.

Simillarly, for obtaninig SG control UTi{t), the inertia of governer
system is neglected. From eq.(27), the UTi(t) becomes

UTi = KTi we (371

Becordingly, a suggested schemes of excitation system with SE
control and governor system with SG control are illustrated in Fig.l-a
and Fig.l-b respectively.

Yo Ve, mex

EY
Ve av Ky * L __Efi
— l4s TV l4s TE
+
Ve, min
Vs

wi
ie l s J
‘ Its Tpi

TE ~ Exciter time constant

Tv - AVR time constant

Kv - AVR gain .

kwi- Gain of SE control loop

Twi- Time constant of SE control loop

Fig.l-a Excitation System with AVR and SE Contrl
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W ” Fr
we Kei Kg - Governor gain
—_—

Tt - Turbine time constant
KTi- Gain of SG control loop
Ti - Time constant of SG control loop

T+s T1

Fig,l-b Governor System with SG Control

SIMULATION STUDIES

Simulation and validation studies are conducted cn a l@-generzator
and 19-bus power system, representing the equivalent of Egyptian Unified
Network. Fig.2 shows the cutline configuration of the power system, In
Fig.2, Gl supplies its power through a long transmission line (9068 km) to
the main load center, which contains the remaining geperators of the
power system.

Results of load flow calculations of the system and consequently,
the initial wvalues of 6i and Egi of generators are also indicated in
Fig.2.

In order to demonstrate the stabilizing effect of the suggested
scheme of SE and SG controls, a computer program is written for transient
stability, which is based on the application of the step-by step method
of saolution (2]). The system non-linear responses are computed for a large
disturbance. The disturbance is a three-phase fault occuring near bus 12
at the begining of one of the two lines between buses 12 and 13. The
fault is cleared in 0.2 second by opening the faulted line.

Figures 3 through 6 show the rotor angle (8ie) variations and
the frequency deviations { Afav),where

Bie = Bi - &e,

1@ 14
fe => 61 Mi/ > Mi
i=1 i=1

and
1 g 10
afav = —— [Zwi Mi/z Mi
211 i=) i=1
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Fig.4 Swing Curves of the System Generators with SE Control.
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Fig.5 Swing Curves of the System Generatore with SE plus SG Controls. -
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The responses plotted are with

i) Conventional AVR control. Results are shown in Fig.3 and Fig.6-a.
It c¢an be seen that the system is stable but the transient response
is poor. X

ii) Stabilizing control in the excitation system only. The response
of the system 1is investigated by applying the supplementary
excitation controls (eq.36), which are superimposed on the AVR for
all synchronous generators of the system. Fig.4 and Fig.6-b show
that the excitation control alone is effective in damping out the
transients. .

iii) A combination of stabilizing controls in the excitation system
and governer system. A combination of SE and 5G controls as given in
eq,36 and eq.37 provided the best transient performance as shown in
Fig.5 and Fig.6-c.

1.00 ']

AVR control

0.50 —

5G controls

[ S

FREQUENCY DEVIATION (HZ)

0.00 s
d
-0.50 - b
-1.00 N EE SN N N IR A H R ) S B |
0.00 1.00 2.00 3.00

TIME (SEC.)

Fig.6 The frequency Deviaticns in Power System.

CONCLUSIONS

This paper demonstrated the application of a transient energy
function and some laws of theoretical mechanics necessary to define the
co-ordinated governer/exciter stabilizer in mulltimachine power system.
The basic idea is balancing the stabilizer forces with the forces, which
are necessary to damp rotor swings. investigations show that the
excitation control is effective in improving the transient performance of
a multimachine power system. Moreover, when the excitation control as

well as govrner control are applied, the best transient response is
obtained.
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