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ABSTRACT

A coordinated quasi-optimal minimuﬁ—fime control strategy
involving dynamic-braking-resistor-shunt-reactor and excitation
control is proposed for stabiliéation of power systéms.The first
control ﬁction, incorporating dynamic braking resistor and shunt
reactor,is applied for initial stabilization of system and the
gsecond action, incorporating excitation control,is applied
subsequentiy for stabilizing rémaining small amplitude
oscillations, following the first swing.The timeﬂoﬁtimal éontrol
is derived as a function of synchronous machine power, rotor
angular ﬁositioh and speed deviation which depend on the
conditions existing at the time.The strategy has been applied
here to three differeht cases of multimachine ﬁower
sysyems.Results show that +the application of the propﬁsed
étrategy involving ~sequential control actions is a simple and
effective method for achieving power system stability.It has also
been found that the conrtol scheme ig feasible for7.onliﬁe
applicdtion wusing relatively 1little hardware and simple local

measurements.
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TITNTIRODUCTION

1.1 GENERAL

The general trend in eleptric power production to-day is toward inter-
connected networks of transmission lines linking generators and loads into
large integrated systems. Disturbances at any point is likely to propagate
* through the rest éf the system and this may résult in failures of machines and
equipments unless adequate safety measures are incorporated. For reliable gen—
eration and transmission of electrical energy, it is essential that the total
power system be stable subsequent to such disturbances. Application of
suitable control techﬁiques to improve the transient stability of power sys-

tems shall be investigated in the present work.

1.2 POWLER SYSTIM STABILITY

Accordingito Kimbark (2], "Power systém stability is a term applied to
alternating current electric power systems, denoting a condition in whichrthe
various synchronous machines of the system remain in synchronism or ‘in step’
with each other. Conversely, 1nstab111ty denotes a condition involving loss of
synchronism or falling ‘out of step’”. Power system stability may be class-
ified .into steady-state stebility, transient stability and dynamic stability
depending on the order of magnitude and type of disturbances.

Steady state stability is the ability of the power gsystem to maintain
transfer of power without loss of synchronism as the améunt of power trans-
ferred is chénged gradually.The change in power level must occur slowly enough
so that regulating devices are able to respond. It is also masumed that iner-
tia effect is negligible. |

Transient stability is the ability of a power system to maintain
stability in the event of a sudden large change in load occasioned by system

switching or by faults. Usually the regulating devices are not 'fast enough



to respond during this transient period and nonlinear modes of systgm opera-—
tion may be encountered. In this case system is likely to lose stability un-
less an éffective countermeasure is taken, e.g. dynamic resistance braking or
fast valving/load shedding.

Dynamic stability is the ability of the power system to maiﬁtain

stability for relatively small disturbances and to prevent oscillations.

Dynamic instability generally occurs due to lack of damping torque. A typical
example would be the low frequency oscillations that may occur in the large

interconnected power systems.

1.3 STABILITY STUDIES
Transient stability studies constitute one of the major analytical ap-
proaches to study of power system electromechanical dynamic behavior. These

studies are aimed at determining if the system will remain in synchronish.fol—

lowing major disturbances such as system faults, sudden and large load

changes, loss of generating units, or line switching. Present day power sys- '

tems are vast, heavily interconnected,incorporating hundreds of machines which
can dynamically interact through their extra-high yoltage'networks; These
machines have associated excitation systems and turbine-governing coﬁtrol
systems. In tfansient stability studies these associated components must be
modeled in order to properly reflect the correct dynamic response of the sys-
tem to certain disturbances.

l Dynamic and steady state stﬁbility studies are less extensive in scope
snd involve one or qut few machines undergoing slow or gradual changés in
operat.ing conditions. Therefore, dynamiq and steady-state stability studies
concern the stability of the locus of essentially steady—stafe operating
points of the system. The distinction made betweeﬁ steady-state and dynamic
stability studies is really artificial since the stability problems are the

same in nature, they differ only in the degree of detail use to model of the



“ machines. In dynamic stability studies, the excitation system and turbine-
- governing system models are represenfed along.with synchronous machine models.
Steady-state stability studies use a very simple generator model which treata
! the generator as a constant voltage source. The solution techhique is to ex-
j amine the stability'of the system under incremental variations about an equi-
librium point. The nonlinear differential and aléebraic equations for the sys-
tem can be linearized which are then solved to determine whether the machines

will remain in synchronism following small changes from the operating point.
- Trangient stability studies are much more cnmqnnly undertaken thereby
reflecting their greater imprtance in practice. Such prqbleﬁs involve large
distubnces which do not allow,tﬁe linearization process to be rused_ end the

nonlinear differential and algebraic equations must be solved. Transient

Btabilify problema can be subdivided into first swing and multiswing stability
problema. First swing stability study is based on a reasconably simple gener-
ator model without representation of the control systems. Usually the time
¢ period under consideration is one second after the system fault.. Multiswing
: stability problems extend over a longer period and therefore must consider ef-
fects of generator 'céntrol systems which affect machine pegformance during

that time period.

o~

1.4 EQUILIBRIUM STUDIES

During steady operation of a power asystem, there is equilibrium between
the mechanical power input of each generator and the sum of the losses and the
electric power output of that generator. Similar equilibrium exists for each
generating plant, for each area and for the entire power system.

This equilibrium is destroyed by a disturbance. A short circuit near é
generating plant greatly decreases the electric ﬁower output of the plant and
increases its losses by a lesser amount, but it has no immediate effect on the

hanical input. _The exceas of input over losses and output (called ac-



‘celerating power) goes into increasing the kinetic energy of the generating
units in the plant. Similarly, excess of output and losses over input .

{decelerating power} decreases the kinetic energy.

Accelerating power divided.-by the inertial constant equals angular
acceleration., The time integral of angular acceieration is the angular speed
deviation. The time integral of angular speed deviation is the change of angle
relative to a reference axis rotating at rated speed. If the relative angle

between two generating units become too great, synchronism is lost.

Note that the first sign of impending trouble is acceleration. The speed
deviation appears later and the angular change-still later. Therefore, detec-
tion of angular acceleration is the most promising way of quickly initiating

preventive action.

Digsequilibrium of power can occur‘ as a result of either a change of
mechanical input or of a change of electricalloutput. However, from a practi-
cal point of view, it is obvious that changes in electrical output can occur
- almost instantaneously because of changes in the network, whereas the mechani-
cal input cannot change nearly so fast. Althoﬁgh a sudden change in output
should properly be counteracted immediately by a sudden change of input of
equal amount, this cannot always be accompllshed,ln practice rapidly enough to
prevent instability. This fact suggests that after disequilibrium has been
caused by a sudden change in the network, it must be counteracted by another
sudden change in the network. The second sudden change may be stopped when the
necessity for it has disappeared either through slower readjcstment of
mechanical input or through _the disappearance of the first change in the

network.



1.5 METHODS OF POWER SYSTEM TRANSIENT STABILIZATION

The swing equation for a synchronous machine can be written as

dz& dd
Mecouw "+ Dot =By - P : (1.1)
dt? dt E
vhere
M = inertia constant
D .= damping constant
S = rotor angle
Pia = mechanical input power
EV
Po = output power = ----- sin &
X

Pin - Po = Pa = accelerating power

At the éteady state operating point of the machine, both the velocity of
the. machine and the accelerating power P, are zero while the machine rotor
angle is constant. By changing Pa, E and X etc., the stability of the system
can be enhanced. As the means of transient stability sugmentation, the follow-
ing approaches are ,reported' in the literature:

1) change in mechanical input

2) generator dropp].ng

3) " load shedding

4) switched series capacitor

5) switched shunt capacitor

6) braking resistor

7) forced exci.tatién

8) independent pole switching of circuit breaker

9) modulated DC link.



1.5.1 Change in Mechanical Input [15]}

The mechanical input varies in accordance with thé speed~governor action
following deviations from scheduled frequency or as a result of the movement
of intercept valves to reduce the mechanical input of the prime mover. This
gcheme improves first swing stability for the generator that ténds to acquire
excess speed during aevefe disturbance. Howevep, instability can occﬁr during
the later swings if the opening and closing of the intercept valves ﬁre not
properly timed [6]. Modern elecfro—hydraulic turbine governing system have the
ability to close turbine wvalves to reduce unit acceleration during severe B
faults. Immediately upon detecting the differences between mechanical input
and electrical output, control action initiates the wvalve closing which
reduceslthe powef input. 5 |

In modern tandem compound turbine-generator an effective way “to reduce
turbine power rapidly ia to close the intercept valves to stop the steam flow:

" The valves control tﬁe steam flow to the intermediate pressure and low pres-
sure turbine elements, which in combinatioﬁ generates approximately 70% of the

total power. To avoid the mechanical stresses in the boiler because of sudden

clogsing of the intercept val%es, the modern practice is to divert the steam

into the condenser. This is done when power/load umbalance circuit detects the

unbalance above certain predetermined level.

1.5.2 Generator Dropping [15] )

The best use of generator dropping is in a sending area- to counterect g
the loss of a lafge load in thﬁf area., The amount of generation dropped éhould
roughly equal the amount of load lost.

In the case of loss of large losad, obviousiy the system would become
unstable if no measures were taken. Generation is.dropped as gsoon as possiﬁle.
In the absence of damping, the remaining generators would continue tofk,

Ve r

oscillate. However, there is damping torque which finally brings.the‘gener-



ators to rest.

Generator dropping is sometimes used as a cheap substitute for braking,

but it cannot be as accurately controlled as that of braking or excitation.

1.5.3 Load Shedding [156]
Load Shedding is required to counteract loss of generation in a receiv-

ing aren: Power companies should encourage the acquisition of loads that, by

contract provisions are interruptable for short times without notice in return

for a low energy change.

lLooad shedding followed by restoration can be obtained by any of the fol-
lowing methods:

1) opening of one or more selected feeders followed by reclosure,

2} temporary depression of voltage by an intentional short

circuit followed by its clearing,

3) temporary depression of voltage by connection of a shunt

reactor followed by its disconnection.

The ﬁsual control of load shedding by under frequency relays is tooc slow
for preservation of transient stability. Transferred signals from generator

circuit breakers or from fault-clearing relays on interties should be used,

subject to superﬁision by the power output of the generator or of the power.

delivered by the interties.
1.5.4 Switched Series Capacitor

The series capacitor switching as a means of quenching transient oscil-

. i
lations in a power system has been analyzed in several papers [8,9,10).°

Y



Conceptually, the capacitor reduces the inductance of the transmission line in’ ‘

order to increase its energy transfer capabilities. Accurate timing of the
capacitor insertion and removal are very critical if the disturbed state of

the power gystem is to be transferred to its post-fault stable state [11].

Rama Rao [12] and Miniesy [13] have considéred the problem of finding
the optimal value of capacitance for particular disturbance. The difficulty
encountered by these investigators has been in predetermining the 6pti.mal
value of the capacitance and the duration of switching independent of the type
of disturbance. '

1.5.5 Switched Shunt Capacitors or Reactor '

" It has been found that switching on or off shunt reactors [15,16) can
aid momentarily in balancing energy transfer. The shunt reactor switching is
also potentially useful for extending f.he stabili_ty margin of a generator (or
group of generators) which tend to decelerate very rapidly during severe
disturbance;:. ‘

1.5.6‘Dynamic Braking

The dynamic braking resistor can be viewed as a fast load injection to.

absorb excess transient power of an area which arises due to a severe system

disturbance. It has generally been studied as a shunt resistor load connected -

at a generator site and its energy absorbing capability is limited by the max-
imum temperature rise of the braking resistor material. |

.1.5.7 Bcitation Control

In this scheme, the restoring synchronizing forces are increased through

forced excitation to boost the internal machine flux. When a fault occurs on a

-
s ‘}
=



system, voltage at all buses are reduced. At generator terminala, the reduced_

voltages are sensed by Automatic Voltage Regulators which‘act within the ex-
citation system to restore the generator terminal voltages. The general effect
of the excitation syétem is to reduce the initial rotor angle swing following

the fault. This is accomplished by boosting the voltage applied to the field

winding of the genérator through the action of the amplifiers in the forward -

path of the voltage regulators. The increased air-gap flux exertse a restfain-
ing torque on the rotor which tend to slow down the rotor motion.

Modern excitation systems can be effective in two ways: in reducing the
maénitude of the first swipg and by ensuring that the subsequent swings are
smaller than the first. The later is an’important congideration in present day
large interconnécted power systgms. Situations may be encountered where
various modes of oécillations reinforce each other during later swings, which
aloné with the inherent weak systems damping can cause .frﬁnsient instability
after the first swing. lWith theApropér compensation, a modern excitation sys-

tem can be vefy effective in correcting this type of problem.
1.5.8 Independent Pbie Switching of Circuit Breaker [15].

In recent yéars, independent pole tripping of the circuit breakers is
uged to minimize the severity of'the multiphase faults. In this acheme, each
of the three phases of the circuit breaker is tripped independently of ‘each
other to reducé the probability of total breaker failure. Thié operation ef-

fectively improves the system stability margin.

1.5.9 Modulated DC Link [15].
In some cases where available, the dc link may be used within its
capacity to 6ffset energy imbalance that arise in ac system due to severe dis-

turbance [33]. Transmission and generation system configuration 'dictate the



relative effectiveness of rapid dc modulation. An ideal situation would be one
in which the dc line is the major tie line between two acfﬁyatems.

From the above brief description of different .methods of transient
stabilization, it can be said that the individual or collective use of the
various fast control means can effectively impfove lthe transient stability

margin.

1.6 LITERATURE REVIEW

The phenomenon' of stébility of synchronous machine _operatibn has
~ received a great deal of attentidn in the past. In this heétion, a detailed
survey on braking resistor and shunt reactor control of power system Btahilitf

is presented firast and works on excitation control are given thereafter.

1.6.1 Breaking Resistor and Shunt Reactor Control ' i

Practical use of dynamic braking résistors for transient stability aug—ﬁ
mentation has been reported in USSR'[iB,lQ] and also in Japan {20]. 1In theseéi
. cases braking resistor has been used repeatedly to absorb the transient excess
energf. )

The Peace River 500 KV transmission system {21] maintained the stability
following faults by employing braking resistors. The Four Corner Plant.
(Arizona Public ServicelCompany) {22] have made similar use of braking resis-
tor to maintain stability margin,

A 1400 MW [23] dynamic braking resister inétalled at the ﬁonnevillg'
Power Administration’s (BPA) Chief Joseph Substation is'used to enhance system
stability in the Pacific Northwest. In reference [24] the physical and
electrical characteristic of the brake as well ns the control system for its
operation are discussed. .

W.A. Mattelatadt [29] showed that dynamic brake is more sultable for
slowing a diverging generator gdroup -than it is for damping system

10



| oscillations. ,

E.W. Kimbark {15] discussed the improvement of power system stability by
changes in the network such as connecting shunt resistor brakes , disconnecting
generator or loads and inserting series capac:.tors and shunt reactors.
Measurements of angular differences is the only criteria to use these
measures. '

A microprocessor. based optimal quality control of dynamic braking has
been described by Fei Yiqun [30]. In this control scheme ‘the brake has ‘been
removed not at =0, but at the suitable time of @<0 before circuit reclosing.

Optimum ba.rﬁ-ba.ng control of series and parallel resistors to improve
povwer system tfansient stability has been reported by K. Nakamura and S. Muto
[24]. < '

A Rshimi [25] used Pontryagin’s minimm principle to develop feedback
control law for switching the braking ;:'esiator. lSome pracfical aspects of im-
plemenfation of the control acheme and computer simulation tests are presented
in this paper. |

In reference [26] a braking resistor has been used to iinprove the tran-
" gient stability of a 6ne machine, infinite bus system. The minimm angle and
minimum-norm aiming strategies é.re used to provide explicit feedback solution
to the control problerﬁ. It shows improvement in critical clearing time.

K.K. Oey et all [27] gives details of an experimental investigation in
whiph a benchtop .model is used for the development and evaluation of transient
stability control strafegies. A three-phase shunt resistor inserted repeatedly
to a computer driven micro-machine to improve s‘-ta.bility. _

Ina receﬁt paper T.K. Nag Sarker et al [2B] presented the improvement
of transient stability with' j;he heip of a full'wave thyristor cpntfolled
dynamic brake. Investigations include the devélopment of a mathematical model
of half wave thyi-istor controlled dynamic brake.

v.0. Aliyu [31] used dynamic braking résistor and reactor switching to

11



shoﬁ.the systematic corrective control approach for transient emergency state
problem of the power system. In this work a local control strategy is
presented which switches a braking resistor and a shunt reactor alternately
depehding on the velocity deviations. The resistor absorbs the excess énergy
while.the machine accelerates and reactor reduces the output power when it
decelerates. The switching Strafegy is deténmined from an estimate of the
critical clearing time through Lyapunov’'s direct method which again is ob-
tained from the reduction of the multimachine syatem to a s8ingle machine
:equivalent. '

S.S. Joshi and D/G, Tamaskar [32] has developed a strategy deperding on
the speed deviation signal and utilized it for automatic single or multiple
ingertion of the braking resistor, whenever required. Micromachine model of
the power system is used for this purpose. The application of the brake when
the magnitude of the swing become smaller may aggravate the situation. Because
the reéistor may absorb the excess energy than required if the insertion and
switching out of the resistor is not precise. 1In this situation sdme‘otherr

methods suitable for coﬁtrolling smal]ll swings may be preferablé.

1.6.2 Excitation Control

Considerable attention has been given to the excitation system study and
its role in improving power system stability. Early investigators realized
that the so-called "steady-state" power limits of power networks could be in-
creased by using the-then available high-gain continuous acting voltage
regulators [52). A transient stability program has been reported including the
effects of regulator, exciter and governor response by Dyrkacz, Young and
Maginniss [563]. 1In reference [54], the researchers showed the effect of ex-
citation systems on stability 6f synchronous machine. B

Increasing‘ attention has thus been focused on the effects of 9xcitation.

control for the damping of oscillation which characterize the phenomena of

12



stability. In particular, it has been foﬁnd useful and practical to incor-
porate transient st&bilizing‘signals derived from speed, terminal frequency or
power {55,56] superposed on the normal voltage ‘error signal of voltagg
regulators to provide additional damping.

A number of papers by F.R. Schleif et al described the excitation.con—
trol scheme [56,57]. | _

The ﬁhenomena of Btébility of synchronous machines undgr small perturbe-
tions is explored by examining the case of a single machine connected to an
infinite bus using thyristor-type excitation systems [58].

M. Venkata Rao and M. P. Dave of India described methods of non-linear
. gain excitation control for a single variable [59] and for a number of vari-
ables [60] and then these metﬁods were applied to the optimal stabilization of
a multimachine system. |

In another study of excitation system [61], a cléssical representation -
showed a certain generator to be stable, while detailed repfesentation of the
generator indicated that loss of synchronism results.

In the past decade, some studies of the application of adaptive control
topology to excitation control have been reported witﬁ rather dramatio
resﬁlts. Based on linear model, either the linear optimal state feedbaék
control,strategy is used to minimize a properly selected quadratic performance
index [62,63] or the minimum variance control stratégy is used [64,65].

Thé design of an excitation self tuning controller for a generator con-
nected to an infinite bus through long line has been proposed by Daozhi Xia |
“and G.T. Heydt [66].

Yao-nan Yu et al proposed an output feedback excitation control to sta-
bilize the torsional oacillation due to subsynchronous resonance [67,68).
However, Yao;nan Yu and H.A.M. Maussa earlier proposed optimal power system
stabilization through excitation control [69]. |

In reference [70], .the authors present a generalized excitation control
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"design that ensures not only a desired damping of the critical electromechani-
cal modes of oscillation but also the zeroing of the terminal voltage erfor
independent of terminal voltage excursions. The excitation syatem-consists of
a compensation transfer function utilizing the machine speed or terminal
frequency and/or electrical power.

J.Y.H. Chen and G.L. Kusic [71] introduces a stabilization method for

the design of linear optimal controlleras which can stabilize a  directly-

(f
I
1

L

i

coupled multimachine system via excitation control. A systematic modeling -

method is first developed to formulate the system into staﬁe gpace form with
directly measurable state variables. With this form, the stabilization of the
system is converted to a linear-quadratic Gaussiﬁn problem. Next a model
reduction algorithm is developed. |

A quasi-optimal control of excitation of multimachine power system has

. i
been proposed in {47]. There the authors reported a simple control strategy of.

excitation control to enhance power system stability under small disturbance. °

1.7 MOTIVATION OF PRESENT WORK

From the literature review, it is apparent that a number of work has

i -

been reported ranging from theoretical studies and compléx simulations to

testing pf various switching'algorithm for braking resistor control and ex-
citation control of power system stability problem. All the previocus studies
as described in literature review are aimed only to control the stability by
using one of the techniques independently. Efforts have been made so far to
improve power system stability By using either transfer admittance control or

excitation control.

From such studies, it is apparent that transfer admittance control is

very effective in controlling first swing instability. A dynamic contrgl
strategy depending only on machine speed deviation is easily realizable
[31,32}, but the determination of threshold values -is not straight forwar?;

L
{
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Oﬁiimum strategies for determination of awitching times are compliéated
{25.26] and handicapped in terms of online application. So the real problem
has been and =still is the determination of easily imblementable best or op-
timal switching strategy. |

A simple ciosed loop strategy [1] involving " dynamic brake and shunt
reactor has been reported which is efficient and feasible for online
appliéation. But this strategy is suitable for large oscillations. For smaller
oscillations, braking resistor hay worsen the situation if it ia not insefted
in the system and taken off the system atlproper ﬁimgs. This requires very
fast and frequent on and off of the brake which may not be feasible from prac-
tical point of view.

Though the firat swing can be reduced by dynﬁmic‘ braking control, the
aystem is still oscillatory in nature with smaller swings. To stabilize these
smaller swing;, an excitation control scheme has been reported in the litera-
ture [47]. |

Excitation control of both first swing and subsequent swing have already
r-been proposed in several workéf'But except for transient stability studies in-
volving faults with long clearing times, " the gfféct-of the excitation system

on -the severity of the first Bwing is relatively small, That is, a very fast,

high-response excitation system will usually reduce the first swing by only a %

few degrees or will increase the generator transient stability limit (for a’
given fault) by a few percent. \

Thus in the present research, the braking resistor and shunt reactor
control fof firat swing and the excitatioﬁ control for subsequent swings are

proposed.

For transient stability the time duration is very small. So the applica-‘.

tion of the control actions must be very quick. Also fast control strategies ,

should not involve any offline computation, the number of data measurementﬁ(

- i,
must be minimun and the data to be measured should be local to the disturbed

Y
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system. That is from online application view point the control algorithm must
be simple and fast. Because of the nonlinearities, éomplexitiea and size of
power systems optimal control strategies is ﬁot feasible as these involve
heavy computation time and most of the time.é cloged~-loop solution is not
feasiblé. But for online effective control of the system the control mﬁst ‘be
closed loop. That is why sUboptiﬁal control strategies are proposed.

In this research, two minimum—tima quasi-optimal control strategies are
applied sequentialli for transiently disturbed systems. One strategy is for
dynamic braking and shunt reactor control and the other one is for excitation

control.

1.8 THESIS OBJECTIVES

This thesis addresses the power system first swing and subsequent swing
stability enhancement aspect. A coordinated scheme with dynamic braking

resistor-shunt reactor and excitation control is used for this purpose.
The specific objective of the thesis are as follows:

1. Development of a quasi-optimal feedback control strategy for using bra-

king resistor and switching reactor control to improve power system

stability.

2. To étudy the effect of the céntrol strategy on a single machine infinite
bus systéma .

3. To study e coordinated braking resistor and shunt reactor control for

. . . 1 . \ f
transient first swing stability and excitation control for subsequent S

awing stability. kN
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Verification of the effectiveness of the coordinated sequential

'applicable quasi-optimal, time-minimum feedback control strategy on

multmachine system showing stability on both first swing and subsequent

swing region.

To study the effectiveness of the coordinated control scheme on BFDB

-{Bgngladeah Power Development Board) system by asimulating three phase

fault at different buses.
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DYNAMIC MODELS FOR POWER SYSTEM
STUDIES

2.1  INTRODUCTION

The dynamics of a power system is inherently nonlinear and thus, its
complex representation, especially in the transient state, will be too complex
for the purpose of formulating a realistic online control algorithm, To cir-
cumvent fhis problem, an qppropriafg choice of simplified mathematical models
which adequately describe the dominant behavior of the system is essential.
. Typically there are several interacting subsystems and their mathematical rep-
resentations generally involve a set of high order nonlinear differential
equations. For this reaséns, a simplified model is traditionally used to study
the power syﬁtém dominant dynamic behavior in transient state.

‘2.2 lilﬂﬂ;(E'PUHﬁR SYSTEM COMPONENTS

| The schematic repreéentation of a single machine infinite bus system is
shown in fig. 2.1. The turbine-governor and the gxcitation system are shown
separately. The modeiau for the wvarious components, as reported in the

literature, are discussed below.

2.2.1 Synchronous Machine Model [45] |
Fundamental equations of synchronous machines were derived by Park and
others years ago. Park’s equationas have the simplest form and are most well;
kmown. His voltage equations are described by a coordinate systeﬁ cbnsisting
of a d-axis or direct axis and a q-axis or quadrature axis fixed in quadrature
with respect to the d-axis. For a dual-axis excited synchronous‘generator, two
field winding is shown in two axis. Park’s synchronous machine may be

schematically shown as fig. 2.2 and equationa are given in Appendix A.
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Considering equations (A.1.3) and (A.1.4) of Appendix A,multiplying

‘ Xara Xarq.
both sides of the equations by ----=——- and —-——---~~, gives
: Irtra Tt g
Xara
Ef a = Xatgq ira + —-———- D\Wrsa (2.1.1)
' Ghire g
: Xafq B . '
* Es q = XMafqltq + -————— DWrgq (2.1.2)
W,If q .

Now substituting in (A.4) for Xasfa 1ia from'(2.1.1)
; Xafd . . .
Eq - - Efra - ————= DWV¥ra - (xa — xa) 1a {2.2)
' W,rf a

l.Differentiating'(A.3.2) gives

DEq . = —emmm D \Yr g
Xfrd '
Xrea .
D\Vfd = == DEq
Xafa

’ ’ . L Xffa ’ P

Eq = Efg ~ ~————- DEq - (xa-xa)is
WLTf a
T ¢ ‘..
= Era — Tao DEq - {Xa - Xa)ia
or, ,

dE, 1 ) )
——= = ~—5—— [ Era - Eq - (xa - xq}ia] . (2.4)
dt Tae .

which is the'quadrature axis internal voltage equation. Following the
similar approach the direct axis internal voltage Esq can be expressed as

dFq 1 P
- = [- Ea + (xq—Xq)iq]" : (2.5)
~dt "Tqo

where T;o and T;o open circuit transient time constant.

i

[y
/

Equation (2.4) and {(2.5) are approximate electrical represéntation of

the synchronous machine.
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" 2.2.2 Mechanical Rotating Syetem Model ’

The mechanical rotating system is normally represented as a single solid
shaft so that the torsional oscillation effects are neglected. Thus, the
. mechanical rotating system is essentially modeled by a second order differen-
tial equation to reflect the dominant electromechanical oscillations during

the transient disturbances. This is expresséd as

M2 S+ dDS = Pa - Pe (2.6)
where,
. b ot rotor angle,
M inertia const.aﬁt.,
d damping constant,
Pu : prime mover-mechanical input,

P, : electrical output.

2.2.3 Speed-Governing System {39]

A typical mechanical-hydraulic speed-governing system o(;nsia_ta of a
speed governor, a speed relay, a hydraulic ‘servomotor and governor-controlled
valves [39] which are functionally related as shown in figure 2.3(a).

The speed—.govemor produces a pc;sition which is assumed to be linear,
instantaneous indication of speed. A signal is obtained from the governor
speed changer of .fig. 2.3(a). It represents a composite load and speed
references and is sssumed constant over the inteﬁal of a atability Btl‘ﬂy. The
speed rélay is represented as an integrator with time constant 'f: and direct

feedback. The servomotor is represented by an integrator with time constant

Ti. The servomotor moves the valves. Assuming linear characteristic the block .

- diagram is given in figure 2.3(b}. This model show_s the load reference as an

initial power P,. This initial valve is combined with the increments due to

21

e ey



otk g ke

4 e e

Speed- Control Mechanism

Ty o R TP MR TR R E R M WS S I I SR WS A SR W = W e

Governor Speed I 1
_ : : Governor Valve
Changer Fosition =TT ‘ 1
5] Speed Relay ————p> Servo Motor —{>| Controlled >
' | |
' = Valves Position
l )
o e e o e e e e e ——— - Jd
‘Speed :
Governor <
(a)
P
Po ) _nux;
K(1 + ST2 ) —_ +
N > (% -
. (1. ST] J(1 . ST3 ) A .
P Poy
pmin

(b)

Fig.2.3 Speed Governing System:(a) Functional Block
- Diagram; (b) Mathematical Representation



gpeed deviation Aw to obtain the total power Pgv, subject to the time lag Ts,
introduced by the servomotor mechanism. The total effective speed-governing

aystem gain is K.

2,2.4 Steam Turbine System {39])

The turbine system is comprised of high pressure, intermediate preséure
and low pressure stages with rehegt betwgen the satages. All compound steam
turbine systems utiiize governor-controlled valves at the inlet to the high-
pressure (or very high pressure) turbine to control steam flow. The steam
chest and inlet piping to the first turbine cylinder and reheaters and cross-
over piping downstream all introducé delays between valve movement and chapge
in steam flow. The principél objective in modeling the steam system for
stability studies is to account for these delays.: Flows into end out of any
steam vessel are related by a siﬁple time constant.

The steam turbine block diagram is given in figure 2.4. The time con-
stants T¢, Ts, Ts and T: represent delays due to the steam chest and inlet
piping, reheatér 1, reheater 2 and crossover:pipiné respeétively. Ki -~ K7 are
general model parameters which represent portions of the total turbine powér
developed in the various cylinders.

In the transient stability studies, the time ﬁeriod of interest is very
small. But the time constant of turbine-govermor system is large. That is vwhy
their dynamics has not been considered in this study.
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2.2.5 Excitation System Model [10,45) |
When the behavior of synchronous machines ié to be accurately simulated

in power system stability studies, it is essential that their excitation sys-

tems be modeled in sufficient detail. The desired models must be suitable for

representing.the actunl excitation equipment performance for severe distur-
bances as well as small perturbations.

The general block diagram in figure 2.5(a) indicates the various gener-

ator excitation subsystems which are customarily represented in electric power

gystem studies. They include a terminal voltage transducer and load
compensator, a voltagé regulator, an exciter and excitation system stabilizer.
In many present-da& gystems the exciter is a dc generator driven by either the
steam-turbine or an indﬁction motor. An increasing mumber are solid-state sys-
tems consisting of some form of rectifier or thyristor supplied from the ac
bus or from an alternator-exciter. The voltage regulator is.the intelligence
of the system and controls the output of the exbiter so that the generated
voltage change in the desired dipection. In most moderm asystems £he voltagé
regulator is a controllef that senses the generator output voltage- then in-
itiates.corrective actionlby changing the exciter .control in the desired
direction. |

The vbltage regulator and exciter are modeled here by an IEEE type 1 ex-
citation system as shown in figure 2.5(b). The first block from the left rep-
resentsrthe tranafer function of rectifier and filter with time constant Ta of

the measured terminal voltage V¢, which has a very small time constant. The

voltage error Av: is obtained from a comparison of Vr with a reference voltage

Vrer at the first summer. Other signals Ves, such as supplementary excitation
to imﬁrove the dynamic stability of a power system, can be also added to that

summer .
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The block after the second summer represents the transfgr function of a
Voltage.regulator that has a time constant Ta and a gain Ki. The linear
proportionality and the ceiling voltages Vgmax ﬁnd Vrain are aléo shown.

The last block on the forward branch with'a negative'feedback Sg repre-’
sents the transfer function of the exciter. It has an output véltage Eta cor-
responding to - the generator internal voltage Efe of equation {A.3.1}. Therg
are fwo constant Kg and Tg of thisrb!ock, but Tg is ﬁot itself a timé constant
becauée of the presence of the other constant K,

There are two negative feedbgck loop of the Type 1 excitation system.
One of them hes a factor Sg that repreéents the saturation effect of the

exciter. This alters the amplifier voltage Vg by an amount Sg Era. The other

includes a time constant Tr and a gain Kr of the excitation system stabilizer.

2.2.6 Power System Stabilizer [10)

Fig. 2;6 shows the generalized form of power system stabilizer. Some
common stabilizer input signals Vs; are: accelerating power, speed, frequency
and terminal voltage. Provision for modeling of high frequency (greater than 3
Hz) filtera, which ma&, be néeded for some input signals is incorporated by
constants, A; through As. The next blocks allow two stages of lead-lag
compensation. Stabilizer gain is set by the term Ks and Bigﬁal washout is set
by the time constant Ts. The gstabilizer output Vs is added . to the terminal.
voltage error signal at the location shown in fig. 2.5a.

The power system stabilizer has not been used in the present study.

28



Sl >
' 2
(1o Ay« AT+ Ags + A&
High frequency Filters
(1 « 5T1) (1« 5T3)
> —D>
(1*ST2) (1+ST£.) ,

smin

Fig.2.6 Power System Stabilizer Block Diagram

29



2.2.7 Transmission Network Representation [41]

The transmission netﬁork modeled by lumped T representation is shown
in figure 2.7. With balanced condition assumed, the state equations repre-
senting the transmission lines are given below:

For each transmission line, the equations written in the:rotor reference

frame are

Vqt = I‘eiql + e Diql + —93—— xeid| + VQB (2.7-1)
We e '
e .

vati = reial + ———— Dim + 22— Xelqy + Vap (2.7.2)
w, 0,

where :
Veqse = Vrs cos b
Vag = Vzm 8in &

Vgp is the voltege magnitude of the chosen reference bus, va: and vqt
are the direct and quadrature axis components of the terminal voltege, re. and -
Xe are shown in fig. 2.7.

2.2.8 Load Representation

Various load representations sre used for stability studies. " Conatant
impedance, constant current or constant power and constant power factor load
models may be used. Constant imﬁedance representation is common because of the
constant impedance elements lend themselves to simple models in which case
loads may be included in the admittancé matrix of the system and it is pos-
gible to sachieve a completely closed form simulation algorithm by making the
aggumption that all loads have a constant impeaance current-voltage-frequency
characteristic which saves computational time and effort.

_From the above consideration, - the simplest type of load representation,
~constant impeaance, is used throughout the study. The load is described by the
complex matrix equation .

[vl =021 (1) ' (2.8)
or by its inverse

(1] = (Y] V] " (2.9)
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2.3 i)YNAMIC MODEL OF A SINGLE MACHINE INFINITE BUS SYSTEM [41]

A single machine is connected at its terminals to a very large power
system, a system so large that the voltage at the terminals of the generator
ﬁill not be altered by any changes in the excitation of the generator. The bus
to which the generator ia connected is sometimes called an infinite bus, which
meana that its voltage will remain constant and no frequency change will occur
regardless of changes made in- power input or field excitation of the
synchronous machine connected to it. More precisely, a major busrof a power
system of very large capacity compared to the rating of the machine under, con-
sideration is approximateiy an infinite bus.

Consider a power system consisting of one machine connected to infinite
bus through transmission line as in figure 2.8(a). The equation of motion of
the rotor is given by the swing equation (2.6). To obtain a solution for the.
rotor angle, we need to dgvelop expreséion for the méchanical and electrical
- powers, In this section the simplest mathematical model is used. For this pur-

pose we require the following assumptions:

1. The synchronous machine is modeled by a constant voltage behind ita

transient reactance.

2. . The mechanical input remains constant during the period of

the transient.

3. The damping constant of the machine is assumed to be

negligible.
4; The mechanical angle of the synchronous machine rotor

coincides with the electrical phase angle of the voltage

behind transient reéctance.
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5.  Variation of the line admittance and the generator inertia

constant due to frequency perturbations are ignored.

6. If a local load is fed at the terminal voltage of the
machine, it can be represenfed by a conatant impedance
(or admittance) to neutral .

The above assﬁmptions lead the representation of the single machine in-
finite bus syst#m by swing equation only.
The equivalent electrical circuit for the system is given in figure

2.8(b}. In figure 2.8,

Vi = terﬁdnal voltage of.the synchronous machine
v . = voltage of the infinite bus, which.is G;ed as
| " reference |

Zar = series‘impedance of the transmission line
Zg = equivalent shunt impedance at the machine

terminal, including local loads only.

By using Y-A traﬁsfonmation, the node répresenting the terminal voltage
Ve in figure 2.8 can be eliminated. The transformation is shown in figure 2.9.
Note that while three adaittance elements are obtained (y12, yi10 and y20), y20
. is omitted since 'it is not needed.in the analysis. The two  port network of

figure 2.9‘is-conveniently described by the equation

[ea]]

Y11 Yiz (2.10)

[ T
-l
=]
| S |
1} il

<l

12 §zx iﬂz
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At node 1, for figure 2.9,

Y11

Yii /811 = Fiz + Fre
Y:: Lelz =- V12 7

1]

and Y] 2
Then the power at node 1 is given by

Py Re [ EIi* ]

i

E2Y11 cos €11 + EVYi12 cos (932 -2 ) {(2.11)

Now define Gii1 = Y11 co2 611 and V= 8,2 - Tl/2, then the expression
for electrical power output can be written as

Py

E2Gi1 + EVYiz sin (& -Y)

= P + Pg gin (&-7Y) (2.12)

The relation between P; and & in (2.12) is shown in figure (2.10).
The quantity P repres’e:nts- the power dissipation in the equivalent
network. In the special case where ‘f_:he shunt lcad at the machine terminal Vi

is open and where the transmission network is reactive, then P. = 0 and Y= 0.

2.4 DYNAMIC MODEL FOR MULTIMACHINR POWER SYSTEM [41)
The complete model of power system is obtained by representing all the
éomponents y viz machine, exciter, turbine-governor, transmission line and

-loads, together. The state space representation can be written as

DX = £(X,u,t) : (2.13)

A
Lk

where X is the state vector, and u is the control vector.

The simplified mathematical model which adequately describes the non-

linear dominant dynamic behavior of a multi-machine system is realized by im-
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posing the following physical assumptions:
1. 'Eacﬁ electrical machine is represented as a constant
voltnge behind transient reactance.
2. The goveLnor—turbine time constants -are assumed larger than the tran-

sient swing period; hence the mechanical power input is taken. to be

constant. .
3. Damping or hsynchronous power is negligible.
4. The mechanical angle of a machine coincidqs with the angle

of the voltage behind tﬁe transient reactance.
5. The interacting hetwopk im assumed to be linear and loads
| are represented by constant admittances to permit
eliminations of all nonlinear nodes (buses).
Because of above assumptioné eéch machine is repreéented by the Bwiné
equation qnly. |
The admittance matrix is defined by
iz Y8 ‘ (2.14)
where 'Y has the diagonal elements Y1 and the off-diagonal elements Y .
Then the explicit equation for the power output of the i~£h machine can
be given as [44]
n .
Pei (6,t) = B2 Gii +Z EEYijcos(0i; -0, +9;) (2.15)
FEE
#o

where
Ei = voltage behind tranﬁient reactance of machine i
Yiy) /9y = fransfer admi ttance between machines i and j
Yii 484

driving point admittance for node i

G + J Bii
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CHAPTER 3



STABILITY ANALYSIS USING DYNAMIC BRAKE

& EXCITATION CONTROL.

3.1 INTRODUCTION . i ‘

In this study, switchable dynamic braking resistor has been used as a
means of fast load injection and electrical thrust actions typified by shupt
reactor switching whereas excitation control scheme has been designed for sub-
séquent amall swings. The shunt reactor essentially modify the enefgy flow
levels within the system with negligible energy absorption. The.effectiveness
of the scheme depends on the availability of the dynamic'brake in sufficient
dose to absorb the transient energy. Excitation control using signals derived
from rotor shaft spéed deviation, acéeleration, torque angle varia£ion etc.
have been found to improve”dynamic gtability. In this chapter, one machine in-
finite bus sygtem'.is used to show the suitability 6f the dynamic brake and

awitching reactor and excitation system for transient stability augmentation.

3.2 ANALYSIS USING DYNAMIC BHRAKE & SHUNT REACTOR

A dynamlc brake is a resistor with very high power dissipation capacity
{1n the order of 1000 MW or more) for short time periods (fraction of second)
which may be switched on and off at a bus in a power transmission network,
during the.course of transient period fo dissipéte the 6therwise destabilizing
energy. The location of a brake is most likely to be at or near a generating
‘station to prevent loss of synchronism during a transient by dissipating the
accelerating energy.

A generator decelerates when the electrical qufput power is more thgn
the mechanical input. In thié.aituation if the electrical output of the
machine is reduced by some means it can be accelerated. Thia is done by in-

serting a shunt reactor at the terminal of a decelerating machine. The shunt
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reactor switching acts opposite to brake injection. It reduces the electrical

. output power of the generator.
3.2.1 Formulation of the Problem

Figure 3.1 describes the syatem configuration of a single machine in-
finite bus system with a dynamic braking resistor and a shunt reactor at the
high tension side of the generator transformer. The machine is represented by

a constant voltage E behind the direct axis transient reactance Xa.

Assumptions

The following siﬁplifying,aésumptions are madé:

1. Three-phase symmetry is agsumed for loads and faults.

2. The generator is modeled by a constant voltage behind
“its transient reactance,

3. Line resistance is assumed negligible.

4. Thelgovernor—turbine time constants are assumed iarger than
the transient swing period; hence the turbine power is
to be constant during the brake operation.

5. Vpriations of the line admittance and the generator

inertia constant due to frequency perturbations are

ignored. .

6. The dgmping constant of the machine is assumed to be
negligible.

7. The generator bus voltage is assumed to be kept
constant.

8. In the event of é fault the breke action starts only

after the fault is cleared or some of several paraliel

-
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Fig. 3-1 Single machine infinite bus system:
With braking ragistor and shunt reactor
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lines are out.rThe parameters of the system under
consideration thus cqrrespond to the post-fault
topology. .
9. A post-fault steady-state operating point is assumed
feasible with these parameters.
10. Any load on the generator bus is assumed constant.,
The generalizéd power flow of the electrical machine has been.deriﬁed on
the assumptlon that all the locally available fast control means (i. e. dynamic
- brake Tb, shunt reactor Xr) activated 31multaneously. Follow1ng this procedure

the real power output of the machine is given by (also shown in section 2.3)

Pe = EVYr sin(o-Y ) + Va2Go ' (3.1)
vhere
Va = Voltage at the terminal of the braké
. :
Go = -
o
Y = the transfer admittance between the machine

terminal and the infinite bus.
This admittance can be computed as follows:

By Y - A transformation, the impedance between the machine terminal and
the infinite bus is given by

b Xr Xr
Xs¥e + Xo ———- + Xg —————~

m + Xr T +Xr
Z'l' = o o b AL i A e e e e e e

roXr

. mn + Xr
XsXe (rvp + Xr) _
Zr T s + Xe + Xa ) (3.2)
I‘bX‘r '

Define the parameters Bs ,Be,Br as reciprocals of Xas,Xe,Xr reapectively
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and Xg = X.; + X, where X1 is the reactance of the transformer.

Now equation (3.2) can be written as

(Br + Go)  Ba + Be By +Gb +Bs +Be
ZT = e e e e, e $+ ———rrmmwmr— D e em————————

Bs Be Ba Be :
Y = e = e (3.3)
Br+Gp +Bs +Be Gr4B .
where B = Br+Bs: +Be .

Define magnitude of Y and Yr and is given by

i ' 3.4
roC e e
and
B
V= tant (-—) - *

Go 2
3.2.2 Annlysis of Braking Resistor Switching _
To investigate the effect of switching of a given size of dynamiérbrak—
ing resistor on the machi_ne terminal s_:ubst.it.ute; Br=0 in equation (3.1}). 1In :

this case the ‘electrical power output can be written as

Pe = Peax sin (& - Yr) + Va2Ge (3.5}
where
Paax = YEV
B; Be
Y T mmemmmmm———
‘Jsz + B2y
By
\)r = tan~!l —-———— - .]1_
Go 2
By = Be + Bs

From equation (3.5) the effect of the dynamic brake can eagily be
deduced. The principal effect is reflected in the second term of equation

(3.5). This quantity represents the power absorbed in the braking resistor.



This can be seen as a temporarily injected local load at the machine terminal.
In addition, the equivelent transfer admittaece Y is also affected. If the ef-
fect on Y were not present, one.can view the effect of dynamic braking resis—
tor as an additive power control available on the shaft of the machine. The
effect on Y can be minimized but not eliminated by choosing the dynamic brak-
ing resistor sufficiently large fo -meet the locally desired transient

atability margin improvement in case of multimachine system.

'3,2.3 Choice of Dynamic Braking Reaiator

Equation (3.5) essentially describes the machine output power. This
equation can be esed to study the variation offelectrical power output with
the variation of the braking resistor values., Figure 3.2 describes a family of
power versus rotor angle curves with corresponding value of Gv. From these
curves we can predict a suitable valee of braking reeistor which gives suffi-
ciently large poﬁer output compared. to the output without braking resistor.
The switching of particular value of braking resistor consfitutes an effective
antidote to an advancing machine on severe system fault. Therefore, braking
resistor can effectively be used for transient atability augmentation through

a well structured contrel logic.

.3.2.4 Analysis of Shunt Reactor Switching

To see the effect mathematically substitute Gp=0 in equation (3.1},
which gives the power output of the machine in case of shunt reactor

switching. The electrical output is given by -

Pes = Pmlax sin b ) . (3'6)
where
BaBe
Poax = EV oo
Br +Be +Bs
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Figure 3.3 illustrate the variation of the electrical output with varia-
tion of the size of the shunt reactor. It is apparent that the effect of the
shunt reactor is the electrical unloading of the machine. So using an well
structured control logic shunt reactor can .be used for temporary-load
shedding. |

3.2.5 Choice of Shunt Reactor Size

A sudden reduction in thé maximm transferable power dué to shunt reac- -
tor switching will acceleraﬁe-the méchine. Because in this case the mechanical
input power will be more than the electrical output. In the gimplified single
machine infinite bus system this condition may.be fulfilled if in the choice

of shunt reactor aize the following relation holds.

. IPT Pnal = EV - . ' (3.7) )

Here Yr is a constanthto be chosen such that 0 Wy ¢ 1. W =0 rep;
resents the minimum of. all feasible valﬁe of the shunt reactor. This condition
is excluded to avoid intentional short circuit {15]. Rearranging equation
{(3.7), Br is obtained as |

'Br = [ BsBoEV -1 Prax (Bs + Be )/ Y¥r Pasx (3.8)

If is assumed that every parameter on the right hand side of equation
(3.8) is known. Thus the selection of shunt reactor based on the criterion
guarantees that the mechanical input is always greater than the electrical
output for the simple system under consideration. It is evident that the -
specifié value of the shunt reactor is a fuhction of the system parameters and
loading condition.
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3.3 ANALYSIS UBING‘EXCITATION CONTROL,

After improvement of transient stability or first swing stability by
using dynamic brake and shunt reactor, efforté have been made to stabilize the
subsequent swing or dynamic instability employing excitation control. Dynamic
brakes are concerned with large power variation during transient stability
that it is almost impossible té handle this power with excitation control. The
. power handling capacity of excitation control is very low to use it to improve
transient stability. Modern fast excitation systems are usually acknowledged
to be beneficial to dynamic stability ihvolving smaller disturbance. With
proper design and compensation, fast acting, high—gainlexcitqtion systems ex-
ert a considerable influence upon power system atability of subsequent‘ swings

following the first swing.

3.3.1 Effect Of Exciter On Subsequent Swings

The oscillations after the first swing are relatively small but they are
not allowed to continue because these oscillations exist for a. long time. Even
vafious modes of oscillations reinforce each other during later swing which
- along with the inhérent weak.syStem damping'can cause ingstability though the
first swing is improved by braking. The effect of excitatioﬂ compensation on-

subsequent swings is very pronounced.

3.3.2 Principle of Operation of Expiter During'SUbaequent Swings

. In dynamic stability, the machine is subjected to small oscillations of
large dﬁfation and causes a reduction in machine terminal voltage and in the
ability to transfer synchronizing power. Considering a single machine

infinite-bus system, output ﬁower is giﬁen by [see equation (1.1}]

Po = =———mmmm gin O ~ (3.9)
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where
Vi is terminal voltage of the machine and V is the infinite

bus voltage.

"If . V¢ is reduced, P, is reduced proportionally. To prevent this reduc-
tion in Py requires very fast action by the excitation system. Forcing the
field voltage to increase thereby increasing internal voltage and terminal

voltage reasdnably. From the view _point of field flux, during smaller
.disturbance, the armature reaction tends to decrease the flux linkage linking
the main field winding. The voltage regulator tends to force.the excitation
system to boost the flux level. Thus if a control signal is provided cor-
responding to the change in terminal voltage to exciter, voltage build up or

build down is easily performed and considerable effect on dynamic stability

results.

3.3.3 Operation of Excitation System
| The IEEE type I Excitation system model is already described in chapter
2. Now the operation of such a aystem is descrlbed in some detall.

A new detailed block diagram is shown in flgure 3.4. The regulator
couples the wvariables of the synchronous machiné'to the input of the exciter
through feedback and forward controlling elements for the purpose of regulat-
ing the éynchronous machine output variables. Thus the regulator controls the
output of the exciter (Era) so that the internal voltage of the machine
changes in desired way.

In modern system, the excitation is supplied directly from on SCR .with
an alternator source. Hence it is only necessary to adjust the SCR_‘firing
angle to change the excitation level and this involves esgentially no time
delay. A range of exciter ceiling voltage upto 8 per unit may be 6btained for

the modern electronic exciter.
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Inherent adverse ef fectsl of high gain excitation syatem make it neces-
gary to use auxiliary stabilizing signals in addition to normal automatic
voltage regulation. The fast response and high ceiling available from modern
st.atic.excitation- system, .whén activated by stabilizing signals improve
atability. A ixe_d load time control of the braking resistor improve transient
stability and the st.at;ilizing input signals act on the exciter in such a
dix'*ection to create greater stability for subsequent swings. The following

possible stabilizing signals have been considered [21]:

1. rate of change of tefminal voltage, Vi

2. ‘'speed error, AW

3. acceleration, Drc_o

4. rate of change of field current, Alra

5. transient direct axis field current.Ai;d

6.  transient quadrature axis field current, Al
7. rate of change of armature current -
8. relative rotor angle deviation, ad.

These stabilizing signals through the action of regulator changes output
of the exciter {Era). So the control for the study is e);ccit.er output voltage
and the control is obtained directly as a function of stabilizing signals. In
our st\.ﬂy, the stabilizing signals are derived from rotor shaft speed
deviation, accélemtion and torque angle variation. These Bigna.ls' are intro-
duced as auxiliary signals employed in the summer just before the preamplifier
in figure 3.4. | |
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CHAPTER A4




MATHEMA'TTICAL, DEVELOPMENT FOR A QUAST—

OrFI'iMAlL. CONTIROL, S TRATEGY

4.1  INTRODUCTTION

The phenomena of stability of synchronous machine for-the mode of tran-
sient and dynémic stability can be improved by. dynamic braking-shunt reactor
and excitaltion control ﬁeans.respectively discussed in the previoug chapter.
Concurrent with these are improvements in calculating methods, switching
s£rategy and working capability making it feasiblé for oniine computation. The
strategy has to be such as to control the transignts in the beét or ‘optimal’
manner maintaining stability.

Numerous pfocedures tfor the control of power system stability based. on
modern control théory have been proposed. These schemes have not been en-
thusiatically received by power system engineers because of the amount of on-
liﬁe computation, the real time measuremént, telemetering problems and com-
plexity of the system involved. These procedures have limited universal
applicability. Typically these schemes are open loop in structure and the mag-
nitude and duration of control action are a predetermined compromise based on
various possible contingencies. .Thié situation can obvicusly result in harsh
overcontrol for relatively mild contingencies and inadequate control for the
severest contingencies, Localizéd' aim strategies provide feedback-control
schemes requiring very 1little online computation and simple local
measurements.

The disturbances appearing in a power system are, in general, not known
in advance. This implies that an apriori deterﬁined control strategy may not
be suitable or even may not be appropriate. This suggests that in order for
the.control to be effective any optimal strategy must be found in closed loop
and also expressed in terms of variables whiéh are easily accessible. Develop-
ment of such a-scheﬁe wiﬁh simulation results are presented in the following
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sections.

lThe control problem can be formulated into a minimum - time control
| problem based on Pontryagin’s minimum principle. In this chapter Pontryagin’s
minimum principle is used to develop an ‘"optimal" pontrol based on a

"

reasonably specified criterion. A "quasi-optimal" closed loop scheme is then

accordingly presented and used in carrying out computer simulation tests.

4.2 MODEL FOR SINGLE MACHINE USING DYNAMIC BRAKE AND REACTOR CONTROL

The braking resistor and shunt reactof .control strategy has been
developed - firast for a simple system - a single generator feeding an infinite
bus. The solution then may be generalized to a network of multimachine

equipped with many brakes.

4.2.1 System Configuration

The single generator under study is connected to an infinite bus through
a double circuit transmission line. The brakiné resistor and shunt reactor
have been connected to the high tension side of the generator transformer as
shown in figure 4.1.

In transient stability studies the périod of intereat is very short and
hence the dynamics of thé syétem can be represented appro#imately by the gen-

erator swing equation only, given by

M S (t) + dDD(t) = Pa - Pe(t) - Po(t) . @4
. .
Here Pm, Po, Py are the mechanical input, electrical output power and power
absorbed by the braking resistor respectively, > is the rotor angular
position, M and d are the generator inertia- and damping coéfficient
respectively. '

By switching the resistor in and out of the circuit,'the power absorbed
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“Fig. 4.1. Single machine infinite bus system for testing the
proposed control algorithm
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in the resistor Pn(t) can be varied between maximm and zéro respectively. It
is assumed that at one time either the braking resistor or shunt reactor will
be switched in. Switching the registor in-is a load injection, end shunt reac- '

tor insertion amounts to reduction in power transferred (P.) by machine.

4.2.2 Statement of the Control Problem [ 1,431

Following a disturbance in the system, if the trajectory remains in the
region of attraction of the equilibrium (operating) point, then the system is
said to be stable. If the disturbance is large, as in the case of a severe
fault or loss of large load, the trajectory may leave the boundary of the
stability region. If action is not taken quickly enough to bring the trajec-
tory back to the domain of attractiop of the post-disturbance syatem equi-
librium point, the synchronous machines will run out of step. So, the perfor-
mance. memsure to be minimized in such problems can be selected to be "time".
For normal operation of the machine,. thé steady state speed variation should
be zero while the rofor angle will be limited between -T/2 (motor operation)
and T1/2 (generator operation) radisns. |

Assuming S(t) = x; and D&(t) =W(t) = x, equation (4.1) can be

b;oken.up'into the following two equations

dxy

_____ - X2

dt.

dixz 3 ,

——-=-= = L(x) + bu{t) (4.2)
dt L

where L{x) containg the accelerating pover and control u is the power ab-
sorbed in the braking resistor (Pv). The damping power may be included in L{x)
or may be neglected since it is very small, The control u is constrained by
the upper and lower bounds.as follows: |

0 & u(t) ¢ 1 ) {4.3)
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Switching the shunt reactor will reduce the output power and will be
reflected inmL(x). The contreol u(t) is zero under this condition.

The optimization problem then can be stated as :

Given the system described by equation (4.2), find the control u(t)

which minimizes the cost index [43]

f o
J :_J/dt - (4.4)

and transfers the aystem from initial (perturbed) states to the target states

(considering only generator action)

0L&x (te) & “/ 2

{4.5)
x2 (t+) =0

at the same time satisfying the inequality constraint (4.3).

4.2.3 Derivation of the Closed-loop Control Strategy [ 1,4>1

In general, the solﬁtioh of the above mentioned minimum time problem im
not simple because of the nonlinear term L{x) in equation (4.2)} Closed loop
solution for u(t), es such, is further more complicated; if at all possible.
In order to arrive at a closed loop solution scheme,the following analysis is
adopted:

- The term L{x) comprises of the machine accelerating power and is a
meesurable quantitf; EABsuming the system is controllable, the ﬁccelerating
power should be less than the ﬁower abgorbed in the brake, or .
| LT & bu(t) | | (4.6)

bb



Let us assume that at time t=to,

tion can be written as

Xm

S—_— = X2

dt '

dacz )

~-=- = Lo + bu(t)
dt :

L{x)=ls is known quantity. The system equa-

{4.7)

The optimal control problem can be reformulated as follows:

Given the system

dxy
______ = X2
dt
dXz
- = U (t), Uomin € Us (L)
dt
where

Wwit) = Lo + bu(t)

Find
state [x1{0}, x2(0)] Lo

0 x1(tr) & V/2

x2(ty) = 0

$ Womax {4.8)

(4.9)

the admissible control that forces the system (4.5) from any initial

{4.10)

As from Appendix D, Pontryagin's minimum principle (PMP) [43] is used to

find the time optimal control of the system (4.8). Using equation (D.3) of Ap-

pendix D, the Hamiltonian for (4.8) is given by

H =

1 + x2(t)ps{t) + wo({t)p2(t)

(4.11)
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If x¢{t), p*(t) and uo'(t)_cofrespond_to the optimal state, costate, and

control respectively, then by the minimum principle, the inequality (D.4].
1xtz (£)prs (L) +ue® (£)pa® (£) & l4xa® (£)p1? (t)+ue (t)p2? (t)  (4.12)

holds for all admissible u,(t) and for t° € [to,te].

Eqﬁation (4,12) gives

Wmingy if i)z(t) > 0 | ' P
Wr(t) = | ' - (4.13)

Wwmaxy if p2{t) < 0.

Assume w(t) = £ (which is either Womins Or Wwasx) and let x3(0) =T, and:"
xz (0) =Tz, Equation (4.8) can be solved with these initial conditions for

constant control to obtain the relations.

xz (t) = oét +T, | . (4.14)
and

x1{t) = T+ Tt + X t2/2 ' (4.15)

' -C
Next eliminating t by substituting t = a’-‘-’&-—z form equation (4.14) into
(4.15), gives ¢
. x:’. t: ’
x1(t) = Ty 4 e — e (4.16)
_ : 20C 2% .

The trajectories passing through (xi = 0, x2=0) and {(x:= Tl/2,

X2 = 0) are given by the following equations.

x2?, . :

{t) = —=—e 4,17
xp{t) pon) { )
- . X2 : .
xi1(t) = JI— + ——— ) . {4.18)
. 2 20¢ .
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"I’he -control law can then be gi{ren ‘a8
Uomin) {x1,x2) € R
we(t) = ' - {(4.19)
Uomaxy (Xl ,x‘-t) € R

In terms of u(t) the control law is given by

1’ (KL,Xz) € R

wr(t) (4.20)

0, (x1,%2) € Rz

Regions Ri1 and R: are divided by the switch curve Z (the switch " curve
is the locus of all pointa (x1,x2) which can be forced to the terminal states

by control w =) given usg

o = VY, UMY U 3): | (4.21)

-] X22
Vl !X1 — mmmmmmmmmmm e =0, x2 >0
2[ls - b sgn (x2)] .
2 : 0« x1 & /2, x2 = 0
V - Xzt )
3 POXE m e - /2 = 0, %240

2[Le - bsgn (x2)]

Because of the oscillatory nature of the system, the states will not continue
on the gwitch curve and hence this possil:'Jil'ity is= r;ot included in {(4,20). For
any state in Ri, expression (4.18) will give a value of % )>0.

Once the controi is fourd at t = to, this is applied for a period At

and at t=t;, the quantity L(x)} is checked. If at this timé it assumes a value
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L1, the control decision at t=t:; is made by the switch curve %1, given by
1
=, =Yy u Yy u Y, » (4.22)

which is evaluated the same'way as (4.18) except that Lo ia replaced by Li.
This can be deneralized to find the control at any time‘tztg by evaluating
L(x) at that instant. |

The process is repeated until the trajectory reaches sufficiently close
to the tafget gtate, when it is diécontinued. The contrel strategy is deter-
mined from a set of moving switch curves, which are shown in figure 4.2. Here
an arbitrary target state set between limite 6, and 82 on the x1 axis has been
shown. Note that L(x) is a measure of the accelerating power which we have as—.
sumed smaller than the brake power. -This limits the region covered by the
moving switch curves.

It has to be made sure that there is no rapid switching back and Vforth
of the control, because of sudden chapges in L{x), in the area where the
moyiﬁg curﬁes lie. Provision of a deadzone can take care of this. It should be
selected sﬁch_that there is no contrel action when the states are sufficiently
close to the swifch curves or the target set. The strategy (4.20) and (4.21)
implies that if the trajectory is to the right of the switch curve (Z)>0)
apply the braking resistor otherwise switch the reactor. If the states are in

the deadzone [Z|¢ & , there will be no control action.

Computation of the control involves the following steps in finding the

ncoﬂtrol
1. Determine x: and xz

2. Determine uUgmin and Uzma: At t=ts

60



3. Calculate = as follows

X322
if %220, T = %y = e
' 2Ugmax
X2 2
if xa <0, Tz xy - - _F____
2Us mi n 2

4. If 2 >0 : Brake applied

If <0 : Shunt reactor applied, brake off.

4.3 MODEL FOR MULTI-MACHINE SYSTEM WITH ERAKE AND SHUNT RRACTOR [ 1]

The objective of this section is to develop closed-loop control strategy.
for multi-machine system. One major objective of the study is to find a
auitable EOntrol Bcheme for switching the resistor to suit a variety of system

conditions including the following:

1. Variation in system output - A single size of braking resistor would

have considerably greater effect on braking five machines than ten machines.

2. The type and location of the fault - The accelerating power for a given

number of machines would vary considerably dépending upon the type and loca-
tion of the fault.

3. Variation in reélosing time for temporary and permanent fault.

4.3.1 System Configuration

The quasi-optimal control strategy derived in‘ previous section can
eagsily be extended to multi-machine éyétem. Since in a multimachine system the
angle of eaﬁh machine is measured ﬁith respect to a reference machine (real or

fictitious), the algorithm involves the dynemics of the reference machine.
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Consider the swing equations of the i-th and the r-th (reference} machines.

Neglect damping terms

MD2&; = Pmi — Pei (t) — Poi{t) - {4.23)

Me D2 Or = Por = Per(t) - Pprit) (4.24)

Divide the right hand sides by corresponding inerlia constants and subtract to

get }
-1 . -1
D2Oir = M  [Pm - Pei(t)] = Me {Par — Per(t}]
~ % Poi (t) + M Por(t) (4.25)
where
bir :bi -é)r

4.3.2 Derivation of Control Strategy
From (4.25),

D2Sir = Lilt) - Le(t) -~ byw (£) + br ur ()

Lir{t) + bTu({t) ' ’ {4.26)

where,

Lir{t) Li (t} - Lr(t), bT = [-by br)T=transpose of [-b br].
u(t) = [w(t) ue ()17 '
Considering bir = x1 and- Db_ ir = X2, equation (4.26) can be brokenlup

into two equations similar to equation (4.2}

s = X2

dt

dsz

————— = Lair + bTu(t) ' ) (4.27)
dt ) ' .

Here the quantity L{x) is replaced by Lic.
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7/ 37/

Proceeding in a similar way as previous section, the control strategy

can be given as follows:

- 1, {x1,%x2)€ R
w(t) = : (4.28)

0, (xl yXz2 ) ERa

_Regioné Ri1 and R: are divided by the switch curve Z given as

i :
<, - Yy uYs uYs (4.29)
. x’a
\)11 H X - =0, x2>90
. 2[Lir — bsgni(xz )]
'\)z : 0 x1 \(H/Z, x2 =0
. x,:
Y, S S —— -M/2 20, xa <O

2[Lir-b sgn(x.:_)]

Normally, the reference mchiﬁe is considered to be the largest machine
in the system and the term lr (t) is small compered to Ls (t) and hence can be
neglected. If, in addition, the reference machine is not equipped with the
braké,_ then the control scheme for each machine is exactly the same as in the
single machine éase already discussed requiring measurement of only local

variables, in addition to the power angle of the reference machine,
4.4 mmmm—mmmmmomm £4vl

A quasi-optimal excitation control for a multimachine power system is
developed. The control is obtained directly as a function of relative rotor

angle, frequency and acceleration of each machine with respect to a reference.

machine.
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4,4,1 Statement of t.he Control Problem

A:} power aystem network can be mthamt.lcally represent.ed by the follow—

ing set of equations:

_____ = f [X,Y,u] . {4.30)
dt ' ‘
G(X,Y) = 0 - (4.31)

Equation (4;30) includes the dynamié relationships of the generators,
. their exciters etc. while equation (4.31) givés the. algebraic rélationship of ’
voltage and currents of the generators, Bystel'n interconnection ete. X is the
state vector and Y, includes the other vﬁriables, u i_B the control vector. If
all control other than the excitation system is ignored, elements of the vec-

tor u represents the excitation voltage (Era) of t.h_e various generators.
The elements of the cqntrol u are constrained by their peiling volt.aées
waie £ W \< W max (4-32)

For multi-machine power system, the system will remain atable if, fol-
lowing a disturbance or an abnormal condition, the relative speed and ac-
celeration of each genera_t.or, with respect to some reference machine, return,
in time, to zero, while steady state relative angles do not exceed 90° X '&‘he
objective is to bring the system to a stable equilibriun in the shortest pos-

sible time. The control problem then can be defined aa follows:

Gives the initial values of X and Y in equation (4.30) and (4.31), find . -
an admissible control satisfying the rela.t:.onshlps (4.30), (4.31) and (4.32),

which will bring the relative velocity, a.ocelerat,lon to zero amd angle to the
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desired final valﬁgs (0 - T /2) and which minimizes the objective function '

J = S dt - ' (4.33)

As mentioned in previous section, . that a closed-loop solution | of thél
above stated control problem is not possible because of the complexity of the
aystem equations. The following procedure outlines the steps involved in find-
ing a quasi-optimal feedback control. i

4.4.2 Derivation of the Closed-Loop Strategy

A control strategy is first obtained for each generator with respect to
a reference machine. Obviously',. the subsequent éwinga after the firast awing is
a. small disturbance case where the constraint on O is not violated. For this
case, the torque equation is differentiated and coﬁt.rol is determined from a
2nd-order model. The following model development my be obtained in details
from [47].

The electromechanical swing équations can be repreagnted by two first
order differential equationa as follows [47] ‘

db
—— = wbn
-dt
(4.34)
dn T Te
dt Ta Ta

Where Ti, T and Ta are the input torque, airgap torque and inertia constant -
of the generator respectively, n is the per unit angular frequency deviation
ahd expreased as

n = 22 | (4.35)
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Ignoring armature copper loss, the airgap torque can be expressed as
Te = vaia + Vqie , (4.36)

From equation { 2.4 ) and ( 2.5 ),

4

dEq Era -  E
dt  The -
‘ F ' (4.37)
dEa Ea
dt  Tee

Differentiating of equation (A.S) in appendix A and substitution of equation
(4.37) in it gives o

Dva xaDia - Ea/Tqo

I

(4.38)

Dvq -xa Dia + [Eta - Ei 1/Teo

From the condition DWa = DWq = 0 and differentiation of (A.3.2) and (A.3.3)
using (A.2) and (A.5),the following two equations are obtained

1 , 1
Dia = e DEq = T [Eld - 5B ]
' Xa XaTao
(4.39)
1 , -Ea
Digq = ———— DEa A
Xq %qTqe

Combining equation (4.34) and (4.35), the torque equation for the k-~th machine

in the system can be written as
TaD? (&/W) = T - vaia - veiq | (4.40)
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Ignoring governor action, differentiation of both sides of this eqlm.tic;n gives
TaD? (/W) = - veDia-vqDiq - ia Dva - iqDve (4.41)

Substituting relationships (4.38) and (4.39) in (4.41) and sinqalifying.

vaE vaEa iaEa
D3( & /Wy) = mmmmmmm d e 4 2 e
. X4Tao Ta XqTqoTm TqoTw
vda
RS- (4.42)
X¢ TaoTa

vaE vaEa isEa
L(t) = ——m—mmmmme T T R (4.43)
XaTaoTa X;quT. quT-
vda .
b(t) = - —-—mm— " (4.44)
XaTaoTa '

For k-th machine, equation (4.42) can be written as
D (Ox/Wp-) = La(t) + be(t) Erax (4.45)
Similarly for reference machine (say the r—th),

D (O¢/Wp ) = Le(t) + br(t)Erar ‘ (4.46)
Subtracting equation (4.46) and (4.45), gives

D(O/Wp) = L{t) + w(t) = ult) (4.47)
where

5 = Oy -8,

L(t) =  Le(t) - Le(t) | (4.48)

w(t) = bx(t) Erax - br (t)Erar
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For given values of L(t) and b{t) for each machine, the control u(t) in
(4.47) is constrained by .t.he upper and lower bounds umsx and uai s (decided by

values Ef amax and Etamin for each m_achine) as follows

N

Uml-;\l K4 u(t) \< Umax . {4-49)

The control problem can then be redefined as follows:

Given a 3rd-order system represented by equation {4.47), where L{t) is
. determined by the system équations (4.30) and (4.31) and initial values of
which are given, find an admissible control u(t) satisfying the constraint
{4.49) that will transfer the states ( ®,n,dn) to the finﬁl atates given by

0¢ & ¢ - © (4.50)

2W,
n =0 and Dn =0
Assume that L{t) and b(t) are constant at. their initial wvalues Lo and b)‘

respectively and let xi = &/, then (4.47) can be written as

dxi
—— = X2

dt
——— = x B (4.51)
————— = U (t)

where uw({t) = Io + bo(t)

ard Uai e L u (t) \<Uo-:n ' (4.52)
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The optimization problem is to find the admissible control that forces

the system (4.51) from any set of initial states [x1(0),%x2({0),x3{0)] to

0 < xa(tr) —U——

2 W,
x2(ty) = 0 (4.53) '
x3{tr) = 0

in the shortest possible time.

- From Pontryagin’s minimal principle, the H minimal control for system
(4.51), subject to constraint (4.52) is Uomsx and Uemia depending on another
switching function Z, . Assume that Uomwax = Wwmia =6 , then solving for
the three equations in (4.49) and eliminating t, we will obtain

1 xxs 1 ' xa (0)xs (0)

X1 + 5;; X33 - v = x1 {0} + —5—6—2— x33(0) - "____6_""—,--- (4.54)
The equation of the surfaces passing through [ -2‘16b,o,01 and [0,0,0]

forms two switching boundaries given as

X2 Xa 1
=, = H) = —mmmm e ————m X3 d
2W, 6 Is?
{4.55) .
X2 X3 1
=, = B R i e — X33
6 30—1

It can easily shown that the optimal control 6 is ume for Z; > 0 while it

i8 umax for Z; < 0.

The algorithm to find the quasi-optimal control over the interval (O,

ot) for a pair of generators k and r involve the following stepa:
1. Determine the relative velocity x: and acceleration xs of the k-th .gen-
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erator with respect to the reference machine.

2. Determine 2 = Xz - ———————————un =0 ; B<0
2[L+bsgn{xa }]

‘3. Set O = wmin if E > 0, otherwise X = Uo max

4. If Z =0, x3a > 0, X = uomin otherwizse X =Uomax -

5 Determine
X2 X3 1
Zz, = X1 - —-TI—— - —e——— + ————— X123
2 (lJb v} 352
X2 X3 1
P = X1 = mem———— t e Xa?
6 3g2

6. If Z, (0andZ; >0

(s

u(t)

H

Uomi n ifE >0

Uo-n'x if 20

u(t)

7. If Z: > 0, u(t)

UWomin

22 < 0, U(t)

Uomax

8. Once u(t) has been determined for a particular time step, wux(t) and

" ur (t) are obtained by working backwards through equations (4.47),
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(4.49). L(t) and b(t) are assumed to remain constant over the time step (0,
_at].

9. Performing the first seven steps for k=1,2,3.......n, k # r and deter-
mine quasi-optimal control for each generator for the time interval (0, At).

The control for the rth generation may be obtained from the first pair,

10, Once the gontrol vector u for all the generators has been determined for
the time interval [0, At], the state equation (4.30) is solved for an integra-
tion step At. Here all the initial values of X and Y are available from the
initial load flow of the system. At the end of the integration step, X is-
changed and Y is updated by a load flow calculatlon of equation (4,31).

The procedure is then cont.lnued for the t].me step [ At,2 At]}. The algo-

. rithm is discontinued if some convergence or divergenoe erteria are met.

To obtain smooth voltage regulation and to avoid excessive switching, a

modification of the above control proportional to the switching function is

used i.e.
wit) = kZ

This providee a smooth transition to normal voltage regulation at the
expense of a longer settling time.
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CHAPTER b5



SYSTEM SIMULATION

5.1 INTRODUCTION
This chapter describes the application of the proposed control strategy |

to stabilize three realistic test systems subjected to several transient |.

disturbances:

i) 4 machine El-Abiad system given in reference{31],
ii) 7 machine system given in reference [44], and
iii) Bangladesh Power System.

In simulating the various conventional stability, the simplifying ag-
sunptiona listed earlier were implictely adopted. For transient stability
study a interactive power system simulation package was used., The
methodologies applied here for both first swing and subsequent swing stability
have been developed in chapter 4. ‘

This chapter presents a brief description of tbe systems. The simulation
" results are presented in this chapter. Three gituations are considered for
each fault: without any control, only braking resistor and shunt reactor cén—

trol and both resistor and excitation control acting together.

5.2 TEST SYSTEM 1

The 4 machine system [31] is widely used in different simulation
techniques. The system is also used in this thesis to test the applicability
of the developed methodologies.
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FIG. 51

TEST SYSTEM 1
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6.2.1 4 Machine El-Abind System [31]

'The topology of 4 machine system given in figure 5.1 has been studied
uging both dynamic braking resistor and shunt reactor control and the quasi-
optimal excitation control. The machine and network data and the load flow
results are given in Appendix B.

Three phase faults were simulated at A and B in figure 5.1 separately.
Thé faults were cleared by opening a line between respective buses. It is as-
gumed that generstors on both buses 3 and 4 are equipped with braking resistor
and shunt reactor. The value of conductance (G ) and susceptance (Bi) were

considered to be 1 and 10 per unit respectively, as assumed in reference [31].

5.2.2 Result ! Fault at Machine 3

Figure 5.2 shows the variation of all machine angles when a 3-® fault of
0.40 éec duration was applied at A, Angles of all the machines are with respect
to machine 1. In this study, the process was abandoned if (i) © exceeded 160°.
and (ii) real time was greater than 3 seconds.

As can be seen, machine 3 exhibits first swing instability. Figure 5.3
shqﬁs the variation of'allimacﬁine angles with proposed closed loop stabi-
lizing control consists of braking resistor and shunt control only under the
game fault condition. The figure indicgtes that the unstable machines are gta-
bilized with the braking resistor control. Although the system is stable the
later swings are still considerably large. The oscillation with both contréls
acting simultaﬁeously are gignificently reduced. It is shown in the figure
5.4, A comparison of reéponses from the geverely disturbed machine { #3 ) is
given in figure 5.5, Figurg 5.6 gives the variation of machine velocity {( @)
with time for faulted machine. It is evident from this figure that with the
excitation Coﬁtrol, the speed déviation reaches neafly zero as desired. The

variation of field voltage after the excitation control is applied is given in

figure 5.7.
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Fig- 5.2 Machine angle for 3— fault ot 0.4 Sec. duration on

Bus §# 3 (without any control)
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"Fig. 5.3 Machine angle tor 3@ fault of 0.4 Sec. duration on
' Bus # 3 with the proposed dynamic braking resistor

and shunt control.
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FIG. 5.4 Machine angle for 3—q fhtult ot 0.4 Sec. duration on
" Bus # 3 with both resistor and excitation control.



. 300 -
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250+ ' o With resistor and’
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FIG.5.5 Rotor angle variation with time for Machine # 3 without
any control and with two quaist-optimal control schemes.
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F1G.5.6 Velocity variation with time for machine # 3 without any control
and with two proposed. scheme.
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FIG.5.7 Field voltage variation atter the exciter is called with time
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5.2..3 Resulta: Fault at Machine 4

Similarly a 3—p fault of 0.5 sec duration was applied at B(Fig.5.1). -
Figure 5.8 shows the variation of machine angles under the fault situation.
Machine # is instable in this case. Figure 5.9 shows the machine angles
variation with time applyingr dynamic braking resistor and shunt reacﬁor only.
The figure shows that though the unstable machine is stabilized with the brak-
ing resistor controlr, fhe later awings are s8till considerably large. The
response with both the control acting simultaneously is muéh better. It is
shown in the fig. 5.10., A comparison‘response from machine #4 is given in Fig.
5.11., Field voltage variation is shown in.-fig. 5.12. In this study, the

process was abandconed if (1) & exceeded 160° or (ii) real time was greater

then 6 secs.

5.2.4 Closing Comment

Table 5.1 gives the summary of the switching history for the test system

1.
Fault Critical machine Fault Brake Reactor Exciter
on bus clearing no. on on ' on called
sec. sec. - sec.  gec. ‘sec
K| .35 3 0.0-0.40 0.35—0.5.0 0.52-0.80 0.82
4 . 0.49 4 0.0-0.5 0.45-0.63 0.68-1.20 1.26°
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FIG. 59 Machine angle for 3-p fault onbus 3 4 with the
braking resistor and reactor control
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FIG. 5.10 Machine angle for 3-p fault on bus = 4 with two
quasi- optimal control scheme
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FIG. 511 Rotor angle varition with time for mach‘ine’z‘#ciwithout
and with two quasi-optimal control schemes
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5.3 TEST SYSTEM 2
Here we consider 7 machine system to test the proposed two quasi-optimal

control scheme.

5.3.1 7 Machine CIGRE System

The 7 machine system given in reference [44] is tested first with the
dynﬁmic resistor and shunt reactor control strategy and then with fhe coor-
dinated braking control and excitation control scheme. Fig. 5.13 gives the
system network; the mﬁchine and networh data and the load flow results are
given in Appendix B.

" Three phase 'faultS'are gsimulated at A and B in figure 5.13 separately.

It is assumed that generators 1 and 6 both are equipped with braking resistor
and shunt feactor. Here also the proceés wog abandoned if (i) O exceeded 1600

or {ii} time was greater than 6 secs,

5.3.2 Results: Fault at Bus 1 .

Figure 5.14 shows the variation of all machine angles when a 3 - fault
of duration 0.4 secl was applied at A. Angles of all the machines are with
respect to machine 4,

As can be seen machine 1 shows firat swing instability. Figure 5.15 in-
dicates the variation of all machine angles with dynamic brakg and shunt reac-
tor control only. 5.16 shows the variations with braking resistor and excita-
"tion control acting together where later swings are stabilized markedly. Angle
of variation with time of disturbed machine #1 is shown in figure §.17.
Figures 5.18 and 5.19 shéw the velocity variations of machine #1 and field

voltage variation respectively.
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FIG. 513 TEST SYSTEM 2
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FIG. 5.14 Machine angles for 3@ tault of duration 0.4 Sec on
machine terminat # 1{without control)
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FIG. 5.16 Angle variation with time with proposed two quasi-
optimal control scheme
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FIG. 5.17 Rotor angle of machine 1 without and with the
proposed schemes
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5.3.3 Results: Fault at Machine 6
!

A

A 3 -@ fault of duration 0.52 sec was applied at Ej(figure 5.13). Fig.
5.20, 5.21 and 5.22 shows the variation of machine angles without control,.
with only brake and reactor control and with coordinated proposed brake  and
excitation control .acheme. A comparison of response from the severely dis-
turbed machine (#8) is given in figure 5123. -Velocity variation and field

voltage variation of machine #6 are given in figure 5.24 and 5.25.

5.3.4 Closing Comment

Table 5.2 gives the éunnmry of the awitching history for the test system

2 of 7 machines.

Fault on Critical Machine Fault Brake Reactor Exciter

" machine clearing no. on ' on on on
no. sec gec sec Bec . fec
1 0.39 1 0.0-0.40 0.35-0.65 0,69-0.95 0.97
6 0.51 6 0.0-0.52 0.42-0.60 0,72-1,00 1.00
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FIG. 5.23 Rotor angle variation with time for machine # 6
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5.4 TEST SYSTEM 3

The control strategy was also tested on a relatively larger sytem -
Bangladesh power network, 7' -

5.4.1 Bangladesh Power‘Netmﬂt

The network diagram given in figure 5.26 is the topology of 11 machine
34 bus reduced Bangladesh Power Network. This power system may be divided into
two zones: the East zone and the West zone separated by the rivers Padma,
Jamuna and Meghna. The pecula}ity of this system is that a double circuit
relatively long line between TONH and ISUH connecta these two separate grids.
This connector 13 East-Weat Interconnector forming an integrated national
grid. Out of 11 generating plant there is only 1 Hydro plant and 10 thermal
plants. Bangladesh Power Development Board (BPDB) has the sole responsibility
of generating, transmitting and distributing the electric energy in
Bangladesh. The generator and network data are given in Appendix B.

It is assumed that all the generators except the reference machine
(Ghorasal Main Grid--GHMG) are equipped with control means. Thus the control
is made entirely of local variables (except & r). Two cases were studied with
different fault locations. The values of conductance and susceptance were con-
sidered to be 1 and 10 p.u. respectively. The'process was abandoned if (i)

exceeded 160° amd (ii) real time was greater then 6 secs.
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5.4.2 Results : Fault at Bus Kaptai Grid (KAPG)

A3 -¢ fault was simulated at bus KAPG cleared after 0.42 secs. The
critical clearing timé is 0.4 sec. Figure 5.27 shows the variation of machine
angles without any control (severely disturbed machine responses are plotted).
As can be seen, the genefators at bus KAPG and SIKG exhibit first swing
instability. The state response with brakes are shown in figure 5.28. Fig.
5.29 shows the reéponse of machine KAPG without control, with brake and reac-
tor control and with coordinated brake and excitation control. 5.30 shows that

of machine SIKG for above three cases.
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FIG.5.27 Response without control ‘for a 3¢ fault on bus KAPG
cleared after 0.42 Sec:
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FIG.5.29 Response of Machine KAPG without control, with btaking resistor
control and with braking resistor and excitation control,
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s With resistor and reactor control

= With coordinated resistor and excita-
tion control
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16 . ; : . —
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FIG. 5.30  Response of Machine SIKG without control, with braking
action and with coordinated control scheme.
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5.43 Resulta : Fault at Bus Sikalboha Grid (SIKG)

A 3 -9 fault was simulated at bus SIKG for a fault duration of 0.44
gecs. The critical clearing time was 0.43 secs for this fault conditioﬁ.
Figure 5.31 shows the unstable system response without any control. The
machine at bus SIKG is unstable as can be seen from the figure. After applica-
tion of the bréke and shunt reactor according to the proposed control algo-
rithm the system is stabilized as shown in figure 5.32. Figure 5.33 shows the
response of faulted machine SIKG without control, with the braking resisﬁor

and shunt reactor control and with the propoéed coordinated control algorithm.
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FIG.531 Response without control for a 3p fault on bus(E=2) Sika
cleared after 0.44 Sec.
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FIG. 5.32 Response with braking resistor and shunt control fora
3p fault on SIKG

111



200
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' 150- "+ With resistor and reactor control .
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FIG.5.33 Response of Machine SIKG without control, with braking resistor
and shunt control and with coordinated control scheme.
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5.4.4 Closing Comment -

From the two étudy on Bangladesh power system, it is shown that when a
fault is applied to bus SIKG, only machine at SIKG exhibits figét‘ swing
instability, machine at KAPG is alffected but machines at ASMG and SHAG are
somewhat stable. The other machines are not so affected which are not shown.
When .a fault is applied to bus KAPG, muchineslat KAPG and S1KG shows first

swing instability but all other machines are somehow stable. The proposed con-

" trol scheme manage to stable the faulted unstable machines.

Table 5.3 gives the sumary of the switching history for Bangladesh

Power Networlo,

Fault Critical Machine Fault Brake - Reactor Exciter

on clearing at - on on on on
bus time
secc. sec. sec. gec., sec.

KAPG 0,40 e B R
SIKG  0.0-0.42 0.4:1.,0 1.1-1.5 1.51

Table 5.3 Summary of the switching history of BPS



CHAPTER 6



CONCLUSTONS

© 6.1 (iXKﬂlBIONS

In this thesis, a quési—optimal real-time coordinated feedback coﬁtrol
gtrategy for dynamic resistor-shunt reactor and excitation control is proposed
for total stabilization of power systems. The time optimal control of using
dynamic brake and shunt feactor has been obtained as a function of synchronous
‘machine power, its rotor angular position and speed deviation. Whereas the ex-
citation control scheme has been also obtained directly of a function of rela- '
tive rotor angle, frequency and acceleration of different synchronous machine.
of the system. These two quasi-optimal minimum time control strategies were
applied sequentially to control transientiy disturbed machine. The control
problem was formulated into a minimum time control problem which gave a very
effective "quasi-optimal" closed loop scheme to stabilize both transient ‘and
dynamic instability. This localised aim feedback control scheme require very
little online computation using relatively " little hardware (aé it is not
necessary to solve the system differential equation) ‘and simplé local
measqrements. The strategy- is adaptive in that the control is a funcpion of
vélocity and acceleration etc.which depend on ﬁhe conditions éxisting at the
time. _ l

Aftgr a large disturbance, the faulted machine expresses a first swing
instability. To control this instability, the quasi-optimal dynamic braking
and shunt reactor contrel is very effective. Though the syétem is stable, the
later swings are considerably large. In the latter case, modern fast excita-
tion systems can bé very effectively employed to wipe out smaller swings. In
this thesis, these two quasi-optimal controls were used éequentially follow-
ing the fault. -

In order to formulate the mathematical model of the proposed control

scheme, first the dynamic models were chosen and then Pontryagin’s minimum
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principle was used to‘ develop an ‘“optimal" control based on a réasonably
specified criterion. A "quasi-optimal" closed loop scheme was then presented.
The theory derived for the single mchine system has been extended to a
multi—n‘nchine‘ system. It has been shown. t.hat if the reference machine in the
multi-machine éthem is relat.ivelf large and is not equipped with braking
resistor and shunt reactor control, then the control strategy for each machine
is exactly similar to that of the siﬁgle machine case. This means that in this
case the control can be expressed in terms of variables local to each machine,
The control scheme has been tested on three multi-machine systems - a 4
generator system, a 7 generator system and 11 generatqr Bangladesh system.
For each case, the system has been simulated without control, with the dynamic
braking resistor and shunt reactor control and with the coordinated sequential
application of dynamic brake, shunt reactor and excitation control. Results
indicate that the braking control stabilize the unstable system and the ex-

citation control wipe out the ‘subsequent oscillations which are generally

desired. For BPS the proposed algorithm is also effective in controlling first
awing and subsequent swings stability. _

The 4 machine system were studied by other researchers. They used a
reduced single machine equivalenf model for multimachine syastem to determine
the switching of the resistor, reactor and excitor. Comparison .uf the results
with the proposed method show that the latter is simpler in implementation be-
cause it is closed loop, does not require network réduct.ion and also effective
in terms of stabilization. | |

Test results on the multimachine system show that the control scheme is
very effective in stabilizing the systems. With application of coord:mat.ed
control scheme, the rotor angle variation with time is shown to become very
low and velocity of faulted machine is shown to approach nearly zero. So these
coordinated braking resistor and shunt reactor control and excitation control

can be applied effectively to any bower system to stabilize first swing and
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subsequent swing instability.

Bagically, the control is determined,at each instant by the conditions
at that time and for the braking resiétor and shunt reactor control, the con-
trol is inherently a bang-bang strategy. This will present some problems in
realization of the controller. Multiple switching can occur when the trajec-
tory approaéhes the switching bqundary = 0 because of the variation- of the
switching boundary in the phase plane caused by varying L(t) and b{t}. 1In
addition, from the vieﬁ point of voltage regulation, the excitation control
can be excessive for smaller awings. Use of a deadband on the control action

when the trajectory approaches the switching boundary or the origin of the

" phase plane can eliminate this. Another approach‘is to make the control action

proportional to  which was used here. The proportional control while not as

~ effective as bang-bang control in the initial stages, provides a smooth tran-

sition to normal voltage regulation and for smaller swings, this control

reduces to a velocity feedback. Proportional control seems to be preferable.

6.2 SUGGESTIONS FOR FURTHER RESEARCH

Further improvement on the multimachine system performance is possible
at the cost of more complexity on the control scheme, such as including phase
lead/lag compensators, governor and turbine control etc. Further areas of in-
vestigation includes the implementation of the control sgheme bn laboratory
model of power system micromachines, etc. Simple measuremeﬁt methods L{x) term

in the control equation will definitely simplify implementation. Study of sen-

‘sitivity of this term to parameters variation deserves attention.

While a highly detailed machine model may be used in the algorithm, the
computational effort would be excessive for the benefit gained. A major objec-

tive of future studies is the consideration of various approximation in order
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to obtain a strategy that can be easily implemented by microprocessors or
minicomputers. In this effort, a key factor is the choice of quantities to be
measured in that they must be easily attained and locally measured. Some works
with local instead of global control are encouraging.Last}not least, would be
to study the control on some real systems; especially on the systems which are'

equipped with braking resistors and excitation system.
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APPENDIX A

SYNCHRONOUS GENERATOR EQUATIONS

Park’'s equation relating the voltages,currents etc. for the develo;nient
- of the control strategy are given here. The symbols v,i,r,¥and w respectively
denote the voltage,current,resistance,flux linkage and speed and the subscript
d,q,a,f refer to direct axes,quadrature axes,armature and field-quantitl:ies
respectively. D denotes the differential operator d/dt.2uf radian per second
iz chosen as the base speed ».The speed of the machine is w radian per
second.. " |

The voltagez of the machine can be expreséed'as t45,4?_i

- _s _1_ W ) .
Ve = ra(-ie) +z5 DVa-8 (A.1.1)
Vo = ra(-id) 45D+ S va © (A.2)
Via = readra +5 DV _ (A.1.3)
Viq = rrq irq +'€io—bD\+'§q/ : (A.1.4)

Negative signs are given to i¢ and iq 8since the aramature winding of a
generator is an active network that converts mechanical energy into electric
energy.

The flux linkages are expressed in terms of current and reactances as

follows

Ya = Xa {(-ia) + Xara ira (A.2.1)
Vo = Xq {~iq) *+ Xarq irq (A.2.2)
Yia = Xatal{-ia)+ Xesa ire (A.2.3)
Ve g = Xafql{-1q)+ Xssq irgq. ' {A.2.4)

In the equations (A.2}, the total reactances of the respective windings
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are denoted by xa, Xq, X¢s and the mutual reactances of the respeétiv’e axes by

Xara and Xatq.

Let some new imlte.ges be defined as follows

Xafa :
E'd S emmm—————— Vi da (A-3.1)
‘ rra o

. Xafa , '

Eq = - Yra, _ (A.3.2)

- Xrea : .

’ Xafq
Eﬂ P \y‘q (A.3-3)
" Xtfaq '

E = Xateira (A.3.4)

_ Where, Era,Eq,Es and E are all internal voltages of the armature.Ea may
be interpreted. as the field volta.ée as seen frém' the armature and vegqa is the
voltage applied to the field winding of direct axis.Ey is the q-axis trensient
internal voltage and Erq equals E only in t_.he stea&y state.

From (A.3.2) and (A.2) it can be derived, '

, Xafa Xafa
Eq S == Ya = -=~== (Xrra ia - Xara ia)
Xrea Xrea
X2a1a
= Xaraia - -——== ia
Xtta
, .
Eq = Xafa ia - { Xa-x4 ) ia (A.4)

where, x4 is d-axis transient reactance which is defined as

, X2ar14
X4 = Xq - ————me -
Xtfa : (A.D5)
, xznfq
Similarly, xq = xq - ===e--
Xtfq
From (A.4),
o, ,
Eq = Eq + (xa - xa)ia
Similarly, B {A.6)

/

Ea = "Ea - (xq =~ XJ)iq
Neglecting resigtance and the t.ranafer voltage (i.e. setting Dva,DV¥,,
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terms to =zero) and considering the fact that the variation of frequency has
_little_effect on voltage {w/ ax = 1),equatiqn {A.1) and (A.2) can be com-
bined as,

VA = Xqlq + Ea
(A.T)
v = -Xaia + Eq
Combining equation (A.6) and (A.7) gives
va = Xt;iq + E(,!
(A.8)
7 . s
Vq = -xala + Eg

Again, the field winding circuit time constant may be defined as,

Tae & mmmmmeee S | (A.9)

H20
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B.1 Parameters for 4 — Machine System

a. Line Data

o e W N

LINE

From To

[ = - T | B — SR R o

b.Synchrdnous Machine Data .

Gen. No. At Bus

[ B ]

2 W N

" Rating

100
15
40
30

APPENDIX B

SYSTEM DATA

95.3
1.498

0.05
0.10
0.20
0.10
0.20

0.10 .

2.997

- 2.0,

121

IMPEDENCE

0.004

. 1.0

0.50
0.40

0.20
0.50
0.80
0.30.
0.40
0.50

D{p.u)
0.00265
0.0318
0.0066
0.0016



c. Loads

Bus P(MW) Q(MVAR)
2 20.0 10.0
5 40,0 15:0
6

30.0 10.0

d. Load Flow for Prefault Condition

Bus \ Ang(deg.) Pa(MW) Qo (MVAR) P (MW} Qu(MVAR)

1 1.0 0.0 . 33.2 9.1 0.0 0.0
2 1.002 -0.12 16.0 5.0" 20,0 - 10.0
3 1.084 4.62 30.0 20.0 0.0 0.0
4 1.025 1.41 20.0 10.0 0.0 0.0
5 0.956 -2.80 b.O 0.0 40.0 15.0
6

0.953 -2.30 - 0.0 0.0 . 30.0 10.0



B.2 Parameters for 7 - Pbchlne System

a.Line Data
LINE '  IMPEDENCE
From To R X(p.u) Y{p.u.)
2 3 0.04503 0.12365  0.10125
3 4 0.01185 0.07802 0.15185
4 0 0.01640 0.06518 0.15187
0 2 0.01639 0.06380 0.15187
3 1 0.00976 0.04839 0.10125
1 4 0.00976 0.04839 0.05060
4 5 0.00395 0.01975 0.10126
4 6 0.00751 0.01975 0.60760
3 9. 0.01146 0.05530 0.10125
g 8 0.04880  0.19160 . 0.10125
8 7 0.01185 ~  0.07402 0.15187
6 8 0.01876 0.06281 0.10125
4 9 - 0.04880 0.19160 0.10125
b.Synchronous Machine data’ .
M/C at Bus - Rating H "x'a

1 100 - 11.35 0.074

2 100 7.75 0.118

3 100 © 14.31 © 0.062

4 100 17.98 0.049

5 100 11.35 0.074

6 .100 12.76 0.071

7 100 10.71 0.087
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c. Prefault Load Flow Condition

1.0000
1.0400
1.0150
0.9894
1.0600
1.0550
1.0200
0.9592
0.9909
1.0100

Ang(deg.)

-6.2810
~0.7920
~2.9160
-6.1310
0.6560
-0.8470
~2.,5090
~5.7930
~3.5090
0.0000

Pg (MW)

120.0
256.0

, 300.0

0.0
217.0
230.0
160.0

0.0

0.0
175.1

Qa (MVAR)

124.578
100.335
136.885
0.000
95.109
165.571
39.286
0.000
0.000
47,177

124

P (MW)

200.0

0.0
650.0
90.0
0.0
0.0
80.0
$230.0
100.0
90.0

QL (MVAR)

120.0
0.0
405.0
45.0
0.0
0.0
30.0
140.0
50.0
40.0



B.3 Parameters for 11 - Machine System

a, Line Data

LINE IMPEDENCE

From To R X(p.u}) Y-shunt(p.u}
KAPG CHAN 0.0046 0.0177 - 0.0021
CHAN MADA . 0.0178 . 0,0677 © 10,0790
KAPG MADA 0.0224 0.0855 0.0100
MADA . FENI 0.0564 1 0.2153 0.0253
SIKG MADA 0.0093 0.0355 0.0042
MADA KULS 0.0070 0.0266 - 0.0031
SIKG HALI  0.0088 0.0337 0.0040
HALI KULS 0.0112 0.0426 0.0050
KULS BARU 0.0065 0.0248 0.0029
KAPG BARU 0.0288 0.1100 0.0129
FENI COML 0.0281 0.1071 - ~  0.0126
OOMI ASMG 0.0333 . 0.1653 0.0180
ASMG - GHMG 0.0251 0.0958 0.0112
ASHG GHHG 0.0066 -  0.0327 0.0328
ASMG SHAG 0.0299 0.1142 0.0134
SIDG GG 0.0255 0.0972 0.0114
GHHG TONH 0.0040 0.0200 - 0.0200
MIRP TONM 0.0084 0.0342 0.0035
POST MIRP 0.0167 0.0684 0.0069
SIDG POST 0.0135 0.0551 0.0056
SIDG ULLO 0.0088 0.0361 ‘0.0037

125



BHEG
FARI

BARI
BAGE
GOAG
GOAG
NOAP
JESS

BATT

BHEG

GHMG
ISM

Generator Data

M/C at Bus

SIKG
ASMG
SHAG

ISUH 0.0210
FARI 0.0806
MPUR 0.0496
BARI  0.0434
BAGE 0.0512
GOAG 0.0333
BHEG 0.1252
NOAP 0.0174
JESS 0.0198

- JHEN 0.0347
BATT 0.0355 .
BHEG 0.0174
ISlM 0.0074
ISWM 0.0788
TONM 0.0112
COMI 0.0508
ASHG 0.0000
TONH 0.0000
GHHG 0.0000
ISUH 0.0000

Bagse MVA
100.0
100.0
100.0
100.0

0.1042
0.2380
0.1465
0.1282
0.1512

0.0985

0.3698
0.0513
£ 0.0586
0.1025
0.0989
0.0513
10.0220
0.2329

0.0456

0.1912°

0.0600
0.,0500
0.0600
0.0300

11.361
3.6375
17.820
9.1325
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0.1045
0.0262
0.0161
0.0141
0.0168
0.0099
0.0406
0.0056
0.0064
0.0113
0.0109
0.0056
0.0022
0.0235
0.0048
0.0334
0.6000
0.0000
0.0000
0.0000

X’a

0.1481
0.4658
0.1021
0.2030



ASHG

GHHG

SIDG

GOAG

BHEG

100.0
100,0
100.0
100.0
100.0
100.0
100.0

c.Prefault Load Flow Condition

HALI
MADA
FENI
OOMI

POST
MIRP

SIKG

SHAG

v

1.0810
1.0472
1.0270
1.0238
0.9898
0.9927
0.9988
0.9864
0.9823
0.9880
1.0288
1.0600
1.0250
1.0600
1.0600

Ang{deg)

-3.885
-2.864
-3.488
-3.566
-3.928
~3.057
-4,3186
_4.333
~4.194
-3.958

0.116
~2.375

-3.635

1.918
2.076

Pq (MW}

0,0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
155.0
60.0

236.0

49.0

12.160
5,1793
4.4062
6.0795
15.692
4.3200
5.6230

Qa (MVAR)

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0 .
121.226
55,457
117.7
24,267
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0.1000

0.1659
0.3997
0.2399
0.0945
0.3635
0.2186

P (MW)

33.0
44.7
14.1
25,6
42.5
86.2
35.0
46.4
98.3
84.8
0.0.
0.0
61.9
A72.3
43.9

QL (MVAR)

26.7
33.5
10.6
19.2
31.9
63.8
-57.6
34.8
73.7
60.8
0.0
0.0

45.9
48.5

27.1



GHMG

S1DG

ASHG
BHEG

GOAG

ISUH

ISUM

FARI

BARX

BAGE

NOAP
JESS
JHEN
BATT

BARU

1.0400
0.9950
1.0450

1.0700 -

1.0450

0.9600

1.05650
0.9226
1.0535
0.9543
0.9226
0.9020
0.9287
0.9530
0.9514
0.9745
1.0175
1.0366

0.000
-3.518
1.123
3.075
-12.266
-16.897
-16.057
-7.6960
-11.775
-16.298
~17.970
-19.116
-18.187
-17.008
-16,850
-15,496
~13.452
-3.6520

111.76

74.0
1210.0
294.0
£30.0
98.0
80.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

 92.57

54.0
151.69
130.0

37.94

84.341
55.708

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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- 82.
104.
0.
0.
9,
89.
142.702
0.

15.

5.
28.
14,
10.
22.
18.

9.
18.

8
2

0

0
5
4

0

105.2

1
5
9
1
1
6
8
2

2

62.1
78.1
0.0
0.0

R

67.1
33.046
0.0
78.9
11.3
4.1
21.7
9.2
7.8
17.0
14.1
6.9
13.6



APPENDIEX C

C.1l. SUBROUTINE 1

THE FOLLOWING SUBROUTINE IS USED WITH THE INTERACTIVE POWER
SYSTEM ANALYSIS PACKAGE TO OBSERVE THE RESPONSE OF THE
UNSTABLE MACHINE APPLYING BRAKING RESISTOR & SHUNT

REACTOR CONTROL

€ O Q aQ

SUBROUTINE BCNTRL

COMMON/OPT1/RF (20} ,XF(20) ,XAF{20) ,RK(20) ,RT(20),SL(20),EX(20)
COMMON/OPT2/EN(20) ,A(20,60) ,CFD(20) , DER(10) , Y (10} ,WO,MOPT(20)
COMMON/OPT3/NEQ({ 10) , EREF( 20) , ZSD(20) , ZSQ(20) ' '
COMMON/U2/KG, NR, NG, NM, KP, KO, 1A, IG, IML, IPC,MAX1T, ITS,F, VA
COMMON/BUS1/VKR(50) , VKM(50) , CKR( 50)',cm4(50) ,BUS(50)
COMMON/G3/KBUS(20) ,KK(20),CD(20),0Q( 20)
COMMON/US/JJ,LF, TSTEP, T1ME, TMAX

COMMON /U4 / JSM, NRBUS , ANGMAX , NO, PINT, PINTZ , PTM, IPRE, PRTIME, NOPT, SP4 1
COMMON/DIF1/DEL(20) ,W(20) ,EF (20) , PM{20)

COMMON/DIF2/BQ(20) ,ED{ 20) ,ETTQ(20) ,ETTD( 20)
COMMON/G1/PT(20),QT(20),PE(20),H(20),DA(20),TQ(20),TD(20)
COMMON/G2/XTD{ 20} ,XTQ{20},XSD(20) ,XSQ(20) ,RA(20)
COMMON/QQ/UH(800) , TH, DBF{ 800)

PI=3.1415
K=3
UH(IH)=0.0

UMAX=PM{K)-PE(K)
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UMIN=PM(K)-PE(K)-1.0
UMAX=UMAX/ (2 . O%H(K) )
UMIN=UMIN/ (2.0#H(K) )
X1=DEL(K) /MO -
X2=(W(K}-W0) /WO

C***-****************************************

C  IF(X2.Gr.0.0)CO TO 433

COCCC IF(X2.LT.0.0)GO O 533

C  IF(X2.LT.0.0.AND.UMAX.GT.0.0)GO TO 533

C . IF(X2.LT.0.0.AND.UMAX.LT.0.0)GO TO 633

C433  SIG=X1-0.54X2%%2/UMIN+PI/(2.04WO0)

C GO TO 733

C533  SIG=X1-0.5¥X2¥42/UMAX~PI/ (2. 0%W0)

C GO TO 733 '

C733 UH(IH)=0.0

C  IF(SIG.GT.0.0)UH(IH)=1.0

C GO 1o 833

C633 UH(IH)=0.0

C********t*t**¥tt¥*t*¥*¥*t******i***********tt*
SIG=X1-0.5%¥X2¥*¥2/UMIN+PI/ (2 . 0¥WO)
IF(X2.LT.0.0)SIG =X1+0.5%X2%¥2/UMAX —P1/(2.04W0) -
DBF{ IH) =SIG '
UH(IH)=0.0
IF(SIG.GT.0.0)UH(IH)=1.0

C_ IF(TIME.GT.0.725)UH(IH}=0.0

C  WRITE(Z2,200)DEL(K),W(K},WO,UH(IH) ‘

C200 FORMAT(5X,’DEL=",F10.5,5X, 'WK=',F10.5,5X, 'W0=",F10.5, "U=" ,F5.2)

833 WRITE(Z,901)SIG,UH(IH),UMAX,X2,UMIN,X1

901 FORMAT(2X, 'SIG=',F10.5,3X, 'UH=",F8.3,3X, 'UMAX=',F10.5,'X2="',F10.5,
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1’UMIN=’,F10.5,'X1="F10.5})5}

IH=TH+1

900 RETURN

C.2. SUBROUTINE 2

THE FOLLOWING SUBROUTINE IS USED WITH THE INTERACTIVE POWER
SYSTEM ANALYSIS PACKAGE TO OBSERVE THE RESPONSE OF THE
UNSTABLE MACHINE APPLYING PROPOSED CO-ORDINATED

BRAKING RESISTOR-SHUNT REACTOR & EXCITATION CONTROL SCHEME.

aQ a . qa QA

SUBROUTINE CONTRL(US,K)

COMMON/OPT1/RF(20) ,XF(20} ,XAF(20) ,RK(20) ,RT(20) ,SL(20) , EX(20)
COMMON/OPT2/EN(20} ,A(20,60) ,CFD(20) ,DER(10),Y(10) ,W0,MOPT{20)
COMMON/OPT3/NBQ( 10) , EREF(20) , 2SD(20) , 2SQ(20) _
OCOMMON/U2/KG , NR,, NG, N, KP, KO, 1A, IG, IML, IPC, MAXIT, ITS, F, VA
COMMON/BUS1/VKR(50) , VKM(50) , CKR(50) ,CKM(50) , BUS(50)
COMMON/G3/KBUS {20} ,KK(20),CD(20),0Q{20)
COMMON/U5/JJ , LF, TSTEP, TIME, TMAX

COMMON /U4 /JSM, NRBUS , ANGMAX , NO, PINT, PINT2, PTM, IPRE, PRTIME, NOPT, SP41
COMMON/DIF1/DEL(20) , W(20) ,EF (20} , PM(20)

COMMON/DIF2/BR(20) ,ED{20) ,ETTQ(20) ,ETTD(20)

COMMON/G1/PT(20) ,QT(20),PE(20),H(20) ,DA(20) ,7Q(20) ,TD( 20)
COMMON/G2/XTD( 20) ,XTQ(20) ,XSD( 20) ,XSQ(20) ,RA( 20)
COMMON/SIGMA/S1,52,83, TFAULT, NMP

US=0.0
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. IF{TIME.LE.TFAULT)GO TO 900
IF({MOPT(K}.EQ.0) GO TO 900
1F (TSTEP.LE.1.E-5) GO TO 900
IF(K.FQ.NRBUS)GO TO 90
M=NRBUS |
N=KBUS(K)

=VKR(N)
VM=VEM(N) ‘
VK=SQRT (VRX¥2+VM%%2)
ANK=ATAN2 (VM, VR)
VR:W{R(M)
VM=VKM(N)
ANR=ATANZ (VM, VR)
VR=SQRT (VRX*¥2+VM*%x2)
V1=EX{K)
V2=EN(K)
V3=EX (M)
V4=EN(M)
CLK=Y(K)*CFD(K) /(2. *H(K) *XTD(K) *TD(K) )
CBK=-Y{K)/ (2. *H{K) ¥XTD(K) *TD{K))
CLR=Y (M) XCFD{M) /(2. XH(M) *XTD(M) *TD(M) )
CBR=-Y (M) /(2. *¥H(M)XXTD(M) *TD(M) )
IF(CBK.GT.0..AND.CBR.GT.0.) GO TO 10
IF(CBK.LT.0. .AND.CBR,LT.0.)GO TO 20
IF(CBK.GT.0..AND.CBR.LT.0.)GO TO 30
UMAX=CLK-CLR+CBK*V2-CBR*V4
UMIN=CLK~CLR+CBKAV1—CBRAV3
UKX=V2
UKN=V1
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10

20

30

40

URX=V4

URN=V3

GO TO 40
UMAX=CLK-CLR+CBK*V1-CBR*¥V4
UMIN=CLK-CLR+CBK*V2-CBR*V3
UKX=V1

UKN=V2

URX=V4

URN=V3

GO TO 40
UMAX=CLK-CLR+CBK*V2-CBR*V3
UMIN=CLK-CLR+CBK*V1-CBR¥V4
UKX=V2

UKN=V1

URX=V3

URN:V'I

GO TO 40
UMAX=CLK-CLR+CBK*V1-CBR*V3
UMIN=CLE-CLR+CBK*V2-CBR*V4
UKX=V1

UKN=V2

URX=V3

URN=V4
X1=(DEL{K)-DEL(M) ) /WO
CARD=X1 '

X2= (W(K)-W(M) } /WO |
X3=0.5%{PM(K)-PE(K))/H(K)-0.5%(PM{M)-PE(M) ) /H(M)
IF(X1.GT.0.)GO TO 45

UX=UMIN
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15

50

60

70

UI:I:UMAX

UMAX=UX

UMIN=UN

X1=-X1

X2=-X2

X3=-X3

S1G=X2-0.5¥X3%x%2/UMIN

IF(X3.LT.0. )SIG=X2-0. 5 xX3*52/UMAX
ALPHA=UMIN
IF(SIG.GT.O.)ALPHA;UMAX

IF (ABS(ALPHA) .LE.0.05)GO TO 85
T1=3.1415927%0.5/W0
SIGI:XI—TI—X2¥X3/ALPHA+(XB**3}/(3.0*ALPHA¥¥2)
SIG2=SIG1+T1
IF(SIG1.LE.0O..AND.SIG2.GE.0.0)GO TO 50
1F(SIG1.GT.0. )U=UMIN
IF{SIG2.LT.0,)U=UMAX

GO TO 60

U=UMAX

IF(SIG.GT.0.)U=UMIN

CONTINUE

IF(ABS (U-UMAX).LE.1.E-7)G0 TO 70

. USK=UKN

USR=URN

IF{CARD.LT.0, )USK=-USK
IF{CARD.LT.0. )USR=-USR
GO TO 80

USK=UKX

USR=URX
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80

85

90

IF(CARD.LT.0. JUSK=-USK

IF{CARD.LT.0. }USR=-USR

IF(ABS(U}.LE. .02)RETURN
IF(SIG1.GT.0.)USK=S1*ABS(SIG1 ) *USK/ABS(USK)
IF(SIGZ.UT.O.)USK:Sé*ABS(SIGZ)*USK/ABS(USK)
IF(SIG1.LE.O..AND.SIG2.GE.0. USK=S3*ABS (SIG) XUSK/ABS (USK)
US=USK

USMAX=100. *V1/RK(K)

USMIN=100., *V2/RK(K)

IF{US.GE ., USMAX ) US=USMAX
IF(US.LE.USMIN)US=USMIN
IF(PE(K).LT.0,0)US=USMAX
X1={DEL(K)-DEL(M) ) *180./3.1415927

SACC=0.5% (PM(K)-PE(K) ) /H(K)
WRITE(Z,901)K,SIG1,SIG2,SIG, US, UMAX , UMIN, SACC, X2, X3
RETURN

CONTROL FOR THE REFERENCE MACHINE

CONTINUE

CLK=Y (K) $CFD(K)/ (2. *XTD(K) *TD(K) *H(K) )
CBK=-Y(K) /(2. *H{K) XXTD{K) *TD(K} )
UMAX=CLK+CBK*V1 |
UMIN=CLK+CBK*V2
IF(CBK.LT. 0. )MAX=CLK+CBK*V2
IF(CBK.LT.0.)UMIN=CLK+CBK*V1

EREF( 1) =ANK

X1=(DEL(K) ) /W0

X2= (W(K)~-WO0) /W0

X3=0.5%(PM(K)-PE(K) ) /H(K)

S1G=X2-0.5% (X3%#2) /UMIN
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IF(X3.LT.0.)SIG=X2-0.5% (X3%£2) /UMAX

ALPH=UMIN

IF (SIG.GT.0. ) ALPH=UMAX

IF(ABS(ALPH) .LE. .05)GO TO 85

SIG1=X1-3. 141592740 . 5/WO-X2#X3/ALPH+ (X3443) /(3. OXALPH¥¥2)
S1G1=SI1G1-DEL(K-1)/WO |
STG2=X1-X2¥X3/ALPH+ (X3%%3) / (3. OKALPHY*2 ) ~DEL(K~1) /WO
IF(SIG1.GT.0.0)US=-S1¥SIG1
IF(SI1G2.LT.0.0)US=-S2+5IG2

IF(SIG1.LE.0. .AND.SIG2.GE.0. )US=-S3¥SIG

US=-20., ¥SIG

IF(CBK.LT.0. )US=-US

[de}
(=2

IF(SIG1.GT.0, JUSR=200. *ABS ( SIG1) XUSR/ABS (USR)
IF(SIG2.LT.0. )USR=200. *ABS{SIG2) *USR/ABS(USR)
IF(SIG1.LT.0. .AND.SIG2.GT. 0. JUSR=20, #ABS (SIG) USR/ABS (USR)
USRMX=100. ¥V3/RK(M)
USRMN=100. V4 /RK (M)
IF(EREF{1) .GE.USRMX)EREF(1)=USRMX
IF(EREF(I).LE.USRMN)EREF(I)QUSRMN'
P1=DEL(M)*180./3.1415927
SACC=0.5% (PM(M)-PE(M) ) /H(K)
WRITE(2,901)M,SIG1,S1G2,SIG, EREF(1) ,UMAX,UMIN, SACC,X2,X3
900 RETURN
901 FORMAT(5X, 2HSW, 2X,12,3X,9F10.5)

1 FORMAT(5X, 1H¥, 2F10.5)

2 FORMAT(5X,2H¥*,2F10.5)

3 FORMAT(5X, 3H¥,2F10.5)

4 FORMAT(5X,4H¥*¥X,2F10.5)
END
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APPENDIX I
PONTRYAGIN’S MINIMUM PRINCIPLE

"'The control problem is to find an admissible control u* that causes the

gystem
%(t) = al x(t), u(t), t) | (D.1)

to follow an admissible trajectory x* that minimizes the performance measure

L} . .
Jy = j gl x(t), ult), t)dt | (D.2)
t

Then a function called Hamiltonian [43] is defined as
H = g( x(t), ul(t), t) + pT(t){al x(t), u(t), t)1 (D.3)
where p1 (t),pz{(t),- - - - - are the Lagrange multipliers.

Pontryagin's minimum principle (43] states that an optimal control must
minimize the Hamiltonian i.e. a necessary condition for u* to minimize the

functional J is

Hix*(t),ur (t),p*(t),t) & H(x*(t),uf{t),pt(t),t) (D.4)
for all admissible u(t) and for all t&€(t,,tr}, p*{t) is the optimal value of
coestate p(t). Thus from Pontryagin's minimum principle, it is emphasized that

W (L) is a contrel that causes H({x*(t),u(t),p*{(t),t) to assume its global

minimum.
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