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Abstract. This paper deals mainly with how steady state-stability of inlerconnected power systems is infiu-
enced by introducing a superconducting alternator unit. A lincarized model for a multi-machine system
containing four generating units, one of whih is supcreonducting, is obtained. Resulis ure presented which
bring out the significant influences of a superconducting alternalor on the steady-state stability of power
systents, These indicate the directions in which improved performance may be achicved. A quantitative
comparison between the influenee of the superconducing generator and its conventional counterpart on
the stuhility of multi-machine systems is also provided.

1. Introduction

Steady-state stability of interconnected power systems is of considerable impor-
tance. Different techniques have been suggested for modelling of multi-machine sys-
tems for small disturbance stability studies. Using matrix climination techniques,
Laughton [1] has proposed a method for extracting the system matrix A, from algeb-
raic and differential equations of the whole system. Undrill [2] described a method
for building up the A matrix from the submatrices describing the individual machinc
units of the power system. This method requires the inversion of a matrix of the same
order as the system modetl itself. Anderson [3] has suggested the PQR method for a
single machine infinite busbar system. This method facilitates computer manipula-
tion of the system equations into a state space form. Abdalla, ez al. [4] have described
a direct method for constructing the matrix A. This method saves computer time by
eliminating the need for the inversion of matrices of high order.
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Superconducting alternators are expected to be introduced intw large power net-
works because of their potential advantages and capability to supply greater base
loads if compared with conventional synchronous machines. However, these alter-
hators are air-cored with a cryogenic field winding surrounded by two concentric
rotor screcns, The outer screcn acts as a damper having a time constunt sujtable for
damping. The inner screen acts as an electromagnetic shield having a longer time
constant to protect the superconducting ¢lements from time-varying magnetic fields.
The air-cored construction of superconducting alternator reduces its synchronous
reactance as well as inertia constant. The former upgrades stability whereus the latter
may cause an increase in frequency of oscillations which degrades stability. Furthet-
more, the mutual interaction between the screens reduces inherent damping, which
also degrades stability [5]. The extent ta which each of these factors affects the
steady-state stability of a multi-machine system, is not clear yet. This paper is mainty
concerned with the influence of superconducting alternators on the steady state-
stability of a multi-machine power system.,

2. Steady-State Stability Analysis
A lincarized model of the multi-machine power system may be obtaired in the
standard state-spacc form,
X=AX+BU W

where X is the state vector, U is the input vector, A is the state coefficient matrix and
B is the input coefficient matrix. The state coefficient matrix A of the system under
consideration is obtained using the method described in {4]. However, this method
requires some modifications to facilitate the inclusion of a superconducting alter-
nator with two rotor screens. A brief description of the method and the necessary
modifications are given in the Appendix.

The cigenvaiues of the matrix A contains the necessary informatin on the
steady-state stability of the multi-machine system. The system is stable if ali the
cigenvalues have negative real parts. These cigenvalues may be classificd into two
types. First, real rools which are related to exponential compofents of the time
response. Secondly, complex conjugate pairs of roots which are associated with oscil-
latory modes of the time response. These have the form —oatjw, wherc o gives the
frequency of oscillations and a defines the datnping factor i.e. the reciprocal of the
time constant by which the oscillations are decayed. This type of roots may further
be divided into two groups, high and low frequency modes. The former are highly
damped modes corresponding to stator circuits, whereas the latter are lightly
damped modes associated with rotor oscillations. The most critical eigenvalucs are
thase related to rotor oscillations.



3. Multi-Machine System Description

The multi-machine power system considered in this paper, shown in Fig. |, com-
priscs four generating units of different types and ratings. These are two steam, one
superconducting and onc hydro units. The superconducting alternator is replaced by
two steam unifs of the same size. This replucement is necessary to provide a quantita-
tive comparison between the influence of the superconducting alternator and its sub-
stitutc on steady-state stability of power systems. It should be emphasized that the
synchronuus reactance of the choscn conventional counterpart (X, = 2p.u.) is on the
conservative side. The value of X for u conventional turbo-afternator unit of 2000
MVA is expected to have a value of about 3 p.u. [6]. The parameters for the conven-
tional units, Table 1, are calculated from manufacturers data [7]. Those for the
superconducting altcrnator, Table 2, are computed using three dimensional field
analysis [8].
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Fig. 1. Four-machine Power System



Table 1. Cunventional machines parameters |9]. (reactions in p.u., time constant in seconds)

Conventional
counterpart
Sleam unit Steam unit steam wmit Hydro unit
G, G, G, G,
MVA 192 5%} 2% 1000 615
X, 1.651 2.1 2.0 4
Xq 1.59 2.02 1., 0.65
X0 .55 1.95 .86 0.66
X"q .49 1.86 1.77 0.41
X 1.69 2.1 1.97 0.72
Xp 1.58 2.07 1.94 0.67
Xo 1.57 1.93 1.04 0.46
r, 0.0020 0.0046 0.003 0.0014
T 0.00075 0.00a13 0.0015 0.00026
i 0.2 0.2 0.0078 0.012
L [EE) 0.024 00084 0.u2
H.sec 33 2.32 325 5
K, 25 200 200 200
Ta 02 0.3575 0.05 [EX]7]
Kg 1.091 0.0529 0.0 00
Te 0.35 1.0 1.0 1.0

Table 2, Superconducting alternator parametess [9]. (reactions n p.u.)

MvaA 2000
Xy= X, 1,545
X = Xo, 0.257
Xpp = Xg2 0.423
X, 0.541
Xgr=Xam = Xapr = Xepy = Xpip; 0.237
Xepe 0.39
Xe01 = Yy0: = Xguope 0.237
R, 0.003
Outer Screen ime constant, see 0.081
Inner Screen time constant, sec 1.0
Field winding time constant . sec 750
H{KW . Sec/KVA) 3

R! 1134
T, 6.1

B
Ty 0.35




The system network is represented using the # method. Each loadis represented
by a constant admittance, which is added to the admittance of the node at which the
load is connected. Each conventional generator is represented by a seventh-order
model. These models are based on Park’s equations. The steam and hydro units are
each equipped with a static exciter. Fig. 2a shows the block diagram of the exciter
model. The mechanical input power to each of the steam and hydro units is assumed
constant. Since exciter control has no appreciable effect in the case of superconduct-
ing alternators [9], thus a governor control is considered. Fig. 2b shows the model of
the turbine and governor used for the superconducting alternator.
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4. Results and Discussion

The results of the load flow solution are included in Table 3. Since the system has
no infinitc bushar, any of the machines may be chosen as reference [2). The eigen-
values are computed by a standard algorithm using a standard computer subroutine.
In all cases considercd it has heen found that systemn eigenvalues contain; four com-
plex conjugate pairs of eigenvalues having a frequency of about 60 Hz corresponding
to the stator circuit; three pairs of complex conjugate with lower frequency modes in
the neighborhood of 1.5 - 2.5 Hz which corresponds to different rotor oscillaitons.
The rest of eigenvalucs are purely real. The incorporation of power system control-
lers is also associated with additional eigenmodes, some of which are complex with
a frequency lower than 1 Hz.

4.1.Uncontrolled Systems

The cigenvalues of the uncontrolled systems (i.e. systems with inoperative con-
trollers) are listed in columns (1) and (2) of Table 3. The modes in the first column
are those of the system in which the superconducting unit is replaced by its conven-
tional counterpart. The second column contains the eigenvalues of the systcm which
includes the superconducting unit. It is clear from these results that the introduction
of the superconducting alternator leads to an inherently stable multi-machine Sys-
tem. This is indicated by the immigration of the unstable rool A{(27) of column (1)Yto
the stability region as shown in column (2). However, the eigenvalues associated
with rotor oscillaitons, A(9) to A(14), show degradation in damping. This is indicaled
by the reduction in the absolute value of all the real parts of those eigenvalues. These
results have been repeated at different operating conditions. 1t has been found that
the introduction of superconductor alternator renders the system stable out of unst-
ablc condition. It may be concluded that the introduction of a superconducting alter-
nalor into power systems increases steady state stability limits by increasing the sta-
bility margins, making the whole system eigenvalues stable over a wider range of
operating conditions. Similar conclusions are drawn in reference [9] concerning
transient stability.

4.2.Effect of Power Sysiem Controllers

An automatic voltage regulator {AVR) is attached to each of the conventianal
units, and a conventional speed governor (CSG) is attached to the superconductin [
alternator. The results obtaincd in this case are shawn in column (3). A comparison
of these results with those of column (2) shows that the damping of two oscillutory
modes namely A(11,12) and A(13,14) is slightly reduced. This is eventually due to the
AVR and the CSG. To enhance both stability and damping of oscillatory modes,
power system, stablizers (PSS) are introduced into the excitation system of each con-
ventional machine. The block diagram of the stablizer used is included in Fig. 2a.
This is a speed stablizer, in which 4 signal from the shaft speed is applied to the refer-
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g network. The parameters of the PSS
hine. The selection method used is
PSS are chosen first, then the gain G

-third of the value that makes the system un
s. The eigenvalues obtained

ence of the voltage regulator through a lead/la
should be carefully selected for each mac

desctibed in [4,9]. The time constants of the
varicd. The gain G is taken as one
for any of the cigenvalue
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this case are listed in column
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(4). These show an improvement in damping of the critical osillatory mode h(9-14).



This improvement is limited to that shown in the Table. No further improvement
could be obtained by reudjusting the PSS gains. Thus, further upgrading of damping
of the multimachine system should be achieved via upgrading the damping of the
superconducting alternator. For this purpose the phase compensating network
{PCN}) of Fig. 2¢ is incorporated in the governor feedback loop of the superconduct-
ing alternator. The design and choice of parameters of such network are described
elsewhere [10]. The eigenvalues obtained after the inclusion of this network are
given in column (5). Comparing these eigenvalues with those listed in column (4)
indicate a further improvement in damping of all the oscillatory modes A(9-14).

To demonstrate the influence of the superconducting alternator unit on the
steady-state stability of the multi-machinc system and also to estimate the contribu-
tion of this unit to damping of the oscillatory modes, the PSS on all conventional units
are disconnected, while keep the PCN on the superconducting unit. The eigenvalues
obtained in this last case are those of column (6). The most critical interaction eigen-
values are those related to the rotor oscillations, namely A(9) through A(14). The
eigenvalues of the superconducting rotor oscillations are A(13,14). It is clear from
comparison of columns (4) and (6) that the introduction of the phase advance net-
work increases the damping of some critical oscillatory modes, namely A(11,12) and
3(13,14). The other interaction modes, namely A(9,10), show a slight deterioration
in damping. However, this does not affect the overall system damping since these
roots are already well damped. The comparison between columns (4) and (6) has
been repeated at different operating points and similar conclusions have been drawn.
This has also been confirmed by results reported in Ref. [9] concerning transient sta-
bility. This indicates that the influence of the superconducting unit when equipped
with PCN is greater than the combined influence of the remaining conventional
units, ¢ven when cach of them is cquipped with PSS, Therefore, the superconducting
alternator unit is dominating the steady-state stability of the multimachine system.

5. Conclusions

Extensive investigation into steady-state stabitity of a multi-machine power sys-
tem containing different types of generating units have shown that the introduction
of superconducting alternators into large power networks results in inherently stable
systems. The use of PSS on the conventional units without upgrading the damping of
the superconducting alternator would not significantly improve the steady-state sta-
bility. As substantial improvement in both the damping of critical oscillatory modes
and stability of the multi-machine system could be achieved through the use of a care-
fully designed control scheme for the superconducting alternator.
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Appendix

The linearization technique of reference [4] will be described here after neces-
sary modifications required to accommodate a superconducting alternator. This
description is given for a multi-machinc system consisting of two generating units,
vne of which is superconducting alternator.

Network Equations

A load flow solution of the power system is obtained first, then the steady-state
values of the system variables are calculated. The non-synchronous loads are rep-
resentred by a constant admittance, the later is added to the self admittance of the
node at which the load in connected. Then all the load nodes are eliminated using the
well known Kron reduction method, Thus mode equations of the reduced network,
which contains only machine nades, may by written as:

=YV )



Reference Axes

The node equations are referred to D and Q axes which rotate at the angular fre-
quency of the nctwork current. Equation (2) can therefore be expressed in real form
as:

[ Im- [ G, -B,, G, ﬁBI2- [ ' ]
o _ By G, B, Gl [V
ol | Gy -By G, Byl |V,
Tz By G, By Gyl | Vo
or in symboalic form JL J
Iy =YV, -

The commen reference axes may be chosen arbitrary. The system variables are
referred to the common reference frame (D and Q) of the network, assuming the fre-
quency of the network is identical to that of any selected machinc [2].

Axes Transformation

The equations of cach machine are usually referred to its rotor d and q axes,
Under steady state conditions the axes of the machines rotate at a constant speed
with angular differences 8, and §, with respect to the common D-Q-axes. Therefore
the system equations referred to the common reference axes are:

[ Vm-‘ [ cosd, —sinﬁl 0 0 Va
VQl sind \ cosd), 0 0 ol
Vi 0 0 (:osf)2 —«sin&2 Vi
Vo, 0 0 sind,  cosd, qu

In symbolic form the above equation can be written as

Vy=Tv

m

(4)



Linearization of equation (4) gives

AV,

AV,

AV,

AV,

=[T]

-Av

di

Avql

Avdz

Aqu

—va .'ilm‘)l
v, 0050,
0

0

—v_ cosd
ql 1

-V

qlsméoI

which may be written in symbolic form as:

)]
—v,,sind,

v cmt“t2

AV =TAv, +DAS

The linearized form of the network node eguation (3) is:

Al, = Yy AV

From the power invariance theorem of Kron

'm

=TI,

1]

0 A3,
quzcosé2 ad,
—qusin62

&)
(6)
]

where i, is the vector of the machines currents and T' is the transpose of the transfor-
mation matrix.

For a small perturbation, we have

Ai

Ai

Ai

Ai

di

ql

dz

q2

=[T["

or in compact form

| AL,

Al

Aly,

Al,

Aiy = T' Al + E Ab

Ad

Ad

(8)



where

Av,=GAi_ +QAd

G=T'Y];IT and Q=-GE-T'D

Generating Units

Eliminating Al and AV, from equations (5, 6 and 8) and solving for Av, ., wehave

9

The lincarized equations of the stalor d-,q-axes of each machine are arranged in
the matrix form:

Ay [0 w, o avy| [oR, 0 0 o ]ai,’
Ayl 1-e, 0 0 Ay, 0 oR 0 0 f|ai
. + +
Ay, 0 0 0 Ay, 0 0 wR, 0 [{Ai,
Mgl [0 0 oy 0l[Ay, 10 0 D wR||ai,
Jo1 1 i
r 0 7 - ( -
w, 0 0 Av,, Yy
0 w, U 0 Avql N Py Aw,
0 0 w, 0 Avg, v, Aw,
0 0 0 mO Aqu _qu
compactly
A =JAy + K Ai + WAV, + P Ao (10)
Eliminating Av, from Equation {10) by using Equation (9), wc obtain
A =JAy + F Ai + CAS + P Aw (11)

where F=WG+ K, C=WwWQ

The angular velocity equations of the machines ¢an be combined to give



Ad || 0 || Aw,

.
i
—
—
[
—

0 1 A,

Also, the linearized swing equations of the machines are

[ wji —wyj o o [ aw,]
Ad, q1 olat d1
21, 2H,
@i, —mi Ay +
sz 0 0 (ilq2 0dz2 a1
2H, 2H,
By,
Ay,
.y [T [ 1 [ 0] ) )
LA L o o ||, © o |lar,
2H, 2H, 2H,
(13)
wp , WA + w
0 0 2 2 A | ] o > 1lar,
2H, 2H, 2H,
Ai,
.Aic|2

Equations {11, 12 and 13) may be combined with the ficld and damper equations of
the conventional machine [2] together with the field and screens equations of the
superconducting alternator [5}. The result of this combination is given at the end of
the appendix, which has the compact form:

X = LX + MAI + BU (14)
The linearized model of the multi-machine system in state space form may be

obtained as follows: multiply the matrix M by the inverse matrix of the machine reac-
tances. The latter is composed diagonally of the machine reactances, which wiil be a



12 » 12 matrix. The result of the multiplication may be added to the matrix L to
obtain the state space form of equation (1),

The Reference Axes

In the previous analysis, the network reference axes were assumed rotating at
constant speed w,,. Since this assumption is unvalid [2], the network frequency is
assumed to be equal to that of onc arbitrary selected machine unit. Thus, the net-
work (D-Q) axes, rotates in synchronism with the reference machine (d-q) axes.
Thereforc Ad of the reference machine is zero. The row and column of A8 of the
reference machine are eliminated [2,4].
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