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ABSTRACT

This paper investigates the stability and performance
of a superconducting generator, connected to an infinite bus
via a transformer and a double circuit transmission 1line,
using the frequency domain technique. The mathematical
equations of the system are obtained and expressed 1in
frequency domain. The model obtained is then used to provide
an extensive stability analysis and also as a base - for
designing a reliable control system. The controller |is
intended to substitute for the low inherxent damping nature
of this new machine. The control scheme is also tested using
a fairly detailed non-linear model. The results 1illustrate
the effects of various factors on stability and also  a
significant achievement in adding positive damping - so that
the overall performance is substantially improved. '

1.INTRODUCTION

There has been a continous need £or  both ‘increasing
generation of electrical energy and up-rating the generator
sizes over the years. Although there has been a substantial
economic advantage in installing large generating units, the
continous progress in up-rating - the generators and the
consequent trgnd in machine design’ parameters adversly
affect overall systen stabilityll]. On the other hand, there
are practical difficulties in develobing cpnventional'
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generators of rating beyond 2000 MVA. A possible way of
overcoming these problems is by developing the promising
superconducting generators (SCG), whichvaré expected to have
higher efficiency, smaller size and weight, improved system
stability and possible generation at bus voltéges.

International efforts have been devoted to develop large
superconducting generators for commercial power application
[2_6} This new machine have a different construction
criterion to that of the conventional synchronous
genefators. The exciter loop has a very long time constant
and the steam turbine should be of fast response [3]. The
per-unit reactances are relatively 1low which certainly
improve dynamic and transient stability of the new machine
vhen COnnected to the grid. However, the newv machine has a
lov inherent damping which makes the machine oscillate with
very poor'damping characteristics when subjected to a
disturbance. Moreover, the excitation loop- long
time-constant makes this 1loop 1ineffective +to damp  these
oscillations in a similar way to that of the conventional

synchronous machines.

Problems associated with the stability and control- of
superconducting éenerators have been under extensive
[3,4,7,8]“ The
superconducting alternator has almost zero resistance of the
field winding cbupled with the large number of anper-turns
(the field winding time constant is about 750 . s). So,

investigations since the .late 80's

excitation control, which is very effective in - conventional
generators, becomes ineffective in improving - the dynamic
performance of superconducting alternators. Therefore, the
governor control is considered as the only available loop
for improving the machine performance. However, due +o the
nature of this loop [9], very careful attention is required
when dealing with governor control. Previous studies
concluded that the phase advance network may be used for
the governor loop and, if well designed, can give improved
performancelB]. However, the design of these controller
parameters were based on a trial and error approach  without
any quantitative measures regarding the improvement achieved

in phase and stability margins or any other quantitative
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neasure.

Alternatively, this papex describes the design of a
control scheme for the governor/turbine loop, of the
superconducting alternator, taking the phase and gain
margins as guantitative measures. Sequential procedures have
been taken to design the controller at the required
frequency , thus prevents any possibility of system falilure.
The designed controller 1is implemented and an extensive
stability analysis is described. Moreover, to examine the
design .approach the control system is applied on a fairly
Jetailed non-linear simulation and the system response to a
variety of disturbances, with and.without the controller, is

presented in a comparative form.

Z.FREQUENCY'DOMAINVMODEL

In this study, the traditional pover system model,
defined by a conventional synchronous qenefator connected to
a large power system via a transformer and a double circuit
transmission line, is used. The synchronous machine is
replaced by its superconducting substitute. Description of
the individual elements of the system in frequency domain is
given subsequentiy, vhere the parameters are shown in

appendix-I.

2.1. Superconducting Generatox

Starting from the well known park's representation and
taking into consideration that each of the rotor shielding
screens may be represented by one coil of fixed parameters
on each axis without loss of accuracy in control studiesls].

The following linearized equations -together with’ the
mechanical equation of motion are used to represent the

superconducting generator:
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Following the procedures in [10,11), the following relations

can be easily obtained:

Awd = —dec(P) AId + GSC(P) : (10
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vhere, dec(P) ’ quc(P) : operational impedances in 4

and g axes .

GSC(P) : operational admittance .

Substituting from equations (10, 11) , thén the machine
equations can be written as follows: ‘

P P P
AV +(Ra+ v dsc(P))AId qsc(P)AIq+——-wq Aé f__;G (P)AVf-O(IZ)

AVq+(Ra+ onqSC(P)) AIq +dec(P)AId 73;wd Ad -Gsc(P)AVf—0(;3)

[Mp2+KdP} A6 - [1 (Bry 1ALy + [y +

X (P)lAal
9, "dse Mg, %

d, q*c q

+ Iqusc(P) Avf'- ATM' = 0 (14)



2.2. Transformer and Transmission Line

Lumped series inductance and resistance 1is used to
represent the transformer and the transmission line
connecting the generator to the grid. In a similar manner to
that described for the generator the transmission system
components are solved into the generator d-q axes then the

linearized equations are obtained as follows:

p -

AV, - (V, cos &) 86 - (Re—-&—oxe) Alg + X, AL = 0 (15)
. p ' _ '

VY + (V sin 6 .) A5 (Re+-;-0xe) AL = X ALy =0 (16)

2.3. Excitation System

A thyristor controlled static excitation system for the
use with large superconducting generators has been designed,
vhose harmonic content is low so as to avoid appreciable

(6] The block diagram of a

heating in the superconductors
typical excitation system used is shown in Fig.(1l) . The

excitation system transfer function is:

Xag | Vo Vao
AV, = —— G [———— AV, + — AV%) (17)
£ Rf AVR VtO d vtO |

Equation (17) wvere substituted in Egns.(12-14).

2.4. Turbine and Governor System

1t has been revealed that the turbine system that

derives superconducting alternators should be of fast

[3]. This would certainly

response. with fast-valving routine
may aid to maintain and improve the stability of that
low-inertia unit. The block diagram representation of the

governing system used is shown in Fig.(2) .

2.5. Open Loop Model

Arranging Egns.(11-15) in array form, and dividing all
system variables by ATM,’ as the only permissible input, to
formulate the transfer function yields :
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The system will be considered as single-input multi-output
as shown in Fig.(3), and equation (20) can be calculated
numerically to obtain the frequency response of, for
example, A6/ATM. These results are shown ' in Fig.(4). As
expected the resﬂlts illustrate a very poor damping
characteristics which coincides with the results presented
elsewvhere [2,5]). This in the authors opinion, requires a

wvell designed contxol scheme, which is the object of this
vork.
3. PHASE ADVANCE NETWORK

The phase advance circuit must be designed to ‘ensure
suitable behavior of the machine in both steady state ‘and
large disturbance modes. Fig.(5) 1illustrates the  block
diagram of the system after incorporation of the phase
advance system. Moreover, for seeking accuracy  and avoid
misleading results, a non-linear function is also
incorporated. The characteristic equation of the system is
Ythen”y:itten as follows (assuming N=1):

o 1 ' PAS -
1+ Gy (P) ( o Gph.a.(P)] Zr =0 1
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"7The'phase advance netwvork chosen is a lead compensator,

whose transfer function is given by :

1 +PT
G, _(P) =K phal (22)
pha pha 1+PT
pha?2
wvhere, Kpha : phase advance gain ;
Tphl = a Tpha2 , a > 1

3.1. éoundary Limits of Control Parameters

Now, it 1is recommended, befoxe preceding in the
controller design, to illustrate the region of stability for
all the phase advance parametérs i.e gain Kph.am and time
constants. subsequently, the domain separation techniqgue
[10]has been applied and the results are shown in Fig.(G).
This illustrate ‘the limits and possiblé combination of

parameters which give an acceptable and stable operation.

3.2. Design Technique

The objectives of this part is to design an appropriate
phase advance network which 1mbrove the system stability and
ensure good transient response. The design technigue was
firstly applied on conventional synchronous generator [111.
The advantages of this technique is its capability to

introduce the required phase lead at the system resonance
frequency. This is a very important and remarkable point as

such design prevents sustained oscillations and consequently .
system failure. Therefore, the block diagram Fig.(5) is
rearranged as shown in Fig.(7),. and from polar plot of
Aco/ATM , the resonance frequency and the phase required are
calculated[lll. ‘

The designed circuit must deduce the required phase at
the resonance frequency w, and given as

R § a - 1 :
Prax - SO [—TI—F_T" ] (23)

The parameter o is chosen by making ¢m$x equal to the-
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required phase at the frequency of ﬁhe‘ electromechanical

node.
Wiag =@, =1 /T Y o (24)
Tonaz =% v Tphar = @ Tppao
Figure (8) shows the polar plot of Aoo/ATM . The phase
advance circuit should provide around 74° at resonance
- O =
frequency of 9.6 rad/sec., then ¢max' 74 and Ornax 9.6

rad/see, consequently a = 50 and T = 0.01 sec. The designed
phase advance circuit has the following transfer function

1 +0.5P ]

Cpha(P) = 0.1 ['1"1 0.01 P (25)

The choice 6f the suitable gain Kphais very important to

ensure the required stability specifications.

4. STABILITY ANALYSIS

The describing function analysis has been used to
investigate the system stability and to study the
possibilities of 'system failure. Replacing the nonlinear
element in Fig.(7) by its describing function N(X) , then we
can write :

o1 1 AX |
e [ & * Son.a.(P) ] Gp(P). i (26)

Figure(9) show that the system with the designed phase
advance network is stable with a gain and phase margins-of a
range which guarantee a satisfactory transient response(phase
margin = 30%and gain margin = 6 db.). Also, it -.might be
observed that the possibilities of 1limlt cycle occurrence is
denied with the introduction of the proposed control system.

5. TIME-DOMAIN ANALYSIS

A fairly détailed non-linear modél for the SCG were
obtained including all non-linearities and constraints
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imposed on control loops. A three-stage steam turbine with
reheat and fast acting electro-hydraulic gJgovernors is

considered [3].

The previously designed controller with the recommended
parameters were implemented using the non-linear model. The
system equations are solved using the runge-Kutta
integration technique. The system response, with and without
control, for a symmetrical three-phase short circuit, of 120
ms duration, at the high voltage bus-bars of the generator
transformer is showvwn in Figs.(10, 11), at unity and leading
pover factor, respectively. It 1is interesting to note that

after fault , the system without any controllers (curves 1)
swings around the operating point for a long time with a
slight decrease in the amplitdde of the system oscillations.
Moreover, the system with speed governor only (curves II)
shows excessive valve movement and an increase in the system
oscillations. Also,the results shows that the speed governor
has a little effect on the first rotox angle swing, which
represent unsatisfactory performance and that the =systen
requires some sort of stabilization. Finally, the results
of the system using the phase advance network (curves III)
illustrate a significant improvenent in the system
performance and an appreciable increase in the damping
associated with a reduced rotor first swing.

6. CONCLUSIONS

No doubt that damping oscillations of superconducting
alternators represent a very difficult task due to the
ineffective nature  of the excitation loop. The paper
introduced a simple and <reliable method £for designing a
control scheme that introduce positive damping to damp the
machine oscillations. This represents the £irst trial to
design controller for superconducting ‘alternators, taking
the phase and gain margins as quantitative measures. The
resulting scheme prevents the excessive movements of the
steam valve and substantially reduce the rotor first swing.
The results which were presented in a cbmpérative form

illustrate well damped responSe which substantiate the
developed technique. :
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List 0f Symbols

v = voltage, p.u.

i = gcurrent, p.u.

R = resistance, p.u.

X = reactance, p.u.

H = jnertia constant, KWs/KVA.

p = differential operator.

w = angular speed, rad/sec.

T = torque

Y = flux linkage, p.u.

& = rotoxr angle.

.Subscripts

a = armature

d,q = 4 énd q components ‘of the stator winding.
e,M = electrical, mechanical.

£ = field.

o = steady state.

KDl,KQ1 = d and g components of the outer screen

KDZ'KQZ = d and ¢ components of the inner screen .

fKDl,fKQl= d and g mutual components between outer
screen and field winding.

fKD. ,£KQ,= d and q mutual components between inner
2 2 : P
screen and field winding.

APPENDICES

APPENDIX-I
(1) Superconducting Machine Parameters
2000 MVA , 1700 Mw, 3000 r.p.m,

X = = = ’
X 0.5453 p.u. Xe = 0.541 p.u.

d q
XKDI= XKQ1= 0.2567 p.u. Xep = 0-3898 p.u.

X = X = X = X = X W

af fKD = 0.237 p.u.
) ) 1 adl ad2 KDlK02

aql— aqz- xKQlKQZ = 0.237 p.u.

R, = 0.003 p.u. = =
a P RKDl RKQl 0.01008 p.u.

RKD2 = RKQZ = 0.00134 p.u. H = 3 KW sec/KVA.
field time constant 750 sec.

(1i) Transmission System Parameters

Xp = 0.15 p.ul R, = 0.003 p.u.

T

XL = 0.05 p.u. RL = 0.005 p.u.
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Fig.(l) Block diagram of excitation systen
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Fig.(3) Single-input/Multi-output System
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