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Introduction

The appearance of UHV transmission lines in bulk power interconnections
opens an essentially new phase in the development of power system operation
practice

Such UHYV transmission lines are operated sometimes as tie lines between
subsystems of big power interconnections. This sort of transmission lines can
in some cases be of considerable length, as it is clearly demonstrated by the
Soviet— Hungarian 750 kV line, which will be put into operation in 1978,

The basic role of such big power transmissions is to ensure the stable
parallel operation of the systems interconnected. From this point of view,
ssstability of interconnection lines™ can be spoken of — as a significant factor
affecting the stability of the interconnected system as a whole. This concept
is, however, rather undefined in itself, for “stability” in a more general sense
is the property of a whole system: in the case of power systems, for instance,
the fellowing definition is widely used: — stability of a power system is the
ability of its synchronous machines to maintain synchronous parallel operation
during variable — normal or abnormal — operating conditions.

Consequently, one cannoi speak about the stability of a part of the
system in itself, because this is only one necessary condition of the stability
of the system as a whole.

Nevertheless, the problem of power system stability in this general sense
is hopelessly involved for practical computational purposes; it is indispensable
therefore, to make some simplifications.

One possible way, for instance, of reducing the dimensions of the original
problem is to study only the stability alene of the subsystems of the bulk
power interconnection in question. The fundamental steps of this latter method
are as follows: one has to select the very subsystem, the stability of which
is of primary interest; all the power stations, network nodes and branches
thereof are taken into account in detail, while the other subsystems are more
or less reduced, depending on the degree of accuracy required.
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While there are a great deal of practical possibilities to simplify the
original system for studying its stability, there is one thing in common in all
of them: creating a suitable model of the power system in question, a so-called
“model system’. This model system may consist of one subsystem represented
in detail, with the other ones strongly reduced.

Concerning the UHYV interconneciion lines, itis easy to realize that they
constitute a special iype of subsystems. This sort of iransmission lines are
usually built of several sections and intermediate nodes, to which lower voltage
networks and/or power stations are coupled through step-dewn transformers.
UHY intersystem tie lines create a rather strong coupling among the power
stations connected to their nodes; followingly that type of lines, together with
the power stations mentioned, can be regarded as subsystems of the original
power interconnection. According to this argument the rather vague concept
of “‘the stability of UHYV interconnection lines” can be put into a much con-
creter form: it becomes an approximation of the overall system stability prob-
lem, by which the UHV line, together with the electrically “‘near-by” power
stations constitute the very subsystem represented in detail for stability
studies, while the other parts of the system are significantly reduced.

In this way we get a special chain-formed model system for the stability
studies of the UHYV transmission in question, shown in Fig. 1.

NI

Fig. 1

By using the model system in Fig. 1 we can try to answer the following
questions:

a) What is the maximum amount of active power, which can be trans-
mitted through the UHYV interconnection line in question, without the rupture
of synchronism between the interconnected subsystems?

b) Among what type of circumstances can sustained — or growing —
power oscillations take place on the transmission, which lead again to the
rupture of synchronism?

¢) What kind of perturbations — short circuits for instance — can cause
transient instability between the subsystems?

The purpose of this paper is to analyze some aspects of the problems
concerned in connection with the above question b) which is a special type of
steady state stabilitv; the American literatureuses generally the term “dynam-
ic stability’ for this problem.
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Fig. 2

The investigations are based on an even simpler model-system than that
shown in Fig. 1: it is an improved and completed version of the well-known
“one machine-infinite bus” model, and is seen in Fig. 2.

The UHY transmission line is modelled by the usual equivalent pi rep-
resentation, and power is supposed to be transmitted always in S — R direc-
tion. The machine model near the node R represents a power station connected
to the receiving-end substation through relatively small impedance Zg. The
sending-end system is supposed to have much more apparent power than the
receiving-end subsystem, making thereby the infinite-bus representation
“behind” impedance Z; acceptable. The resultant load of both sides are
represented by appropriate shunt impedances Z;. Shunt reactors can also
be taken into account Z;.

The following investigations are based on the linearized state-space
model of the system, shown in Fig. 2: linearization is admissible in this case,
as the subject of the studies are small swings around prefixed operating points.

State equations of the model system in Fig, 2

For getting an appropriate state-space representation of the electro-
mechanic system shown in Fig. 2, we have to start with the electric and
mechanic equations of the alternator. It has been found practical to use Park’s
well-known reference frame to this purpose. To investigate the dynamic per-
formance of this system, the electric transients of the rotor have to be taken
into account, but in the case of solid rotors (as in our case) the exact formulation
of the problem leads to extremely sophisticated, nonlinear relationships.
Therefore, the usual practice is to represent the solid rotor effects by a number
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of fictitious rotor circuits in both directions d, and ¢. In the investigations
described below the following rotor windings have been supposed:

— the field winding (subscript g)

— fictitious field winding in direction ¢ (subscript ggq)

— fictitious damping circuit in direction d (subscript Id)

— fictitious damping circuit in direction g (subscript Ig)

(The voltage U on side R — see Fig. 2 — is the so-called ““subtransient
voltage”, the components d and ¢ of which can be expressed as linear combi-
nations of the below listed flux linkages.)

Neglecting the differential terms in the original stator-circuit equations
of Park, four differential equations are arrived at describing the electric
transients; they have to be completed with the second-order mechanic swing
equation, for getting the “mathematical model” of the system studied.

These differential equations lead to a sixthorder state-space model, to
which the following state variables may be chosen:

6 the load angle
e the speed deviation
Ygr Yaq» Yia» Yig  the flux linkages of the rotor circuits marked by subscripts.

(By omitting the differential terms in the stator-circuit equations we
neglect automatically the direct current components caused by switching opera-
tions in the network, and with that the 50 cycles component of the electric
moment: this is,however, permissible, as they have practically no influence
on the small-swing dynamic performance of the alternator.)

The equations obtained can be linearized around the operating point
(**equilibrium state’”) of the machine, applying the small perturbation theorem.
Finally, the linear state equations of the model system is got in the well-
known canonic. form:

x=4x-+Bu
y=~0x-4 Du (1)

where x is the state vecter, u and y the input and the output vectors; A, B, C
and D are matrices, the dimensions of which are determined by those of the
former vectors.

In our special case these vectors are defined as:

x' = [0, A, Apg. Aygs Dipgg. dipyg) (2)

u = [i] Ug‘ AUoo- -AP’] (3)
3/’ = [./_] U]{? AC{)] (4)
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where

U, — field voltage

U, — infinite-bus voltage

P, — turbine power

U, — terminal voltage of the alternator

4 — means small variations around operating point

The elements of the above matrices can be derived on the ground of
the Park equations (involving the neglects mentioned), and the node equations
of the network in Fig. 2, not to be repeated here because of space shortage.

The structure of the matrices obtained finally is as follows:

0 a, O 0 0 0 -0 0 0
@y 0 Qa3 gy G5 Qog 0 bys byg
A=]| @ 0 Q33 U3y Qg dyg B—| b bn 0
a; O Az Gy Gy Oy 0 by 0
a; 0 053 G54 G55 U5 0 by, 0
a0 Qg3 gy Qe Ugp 0 b 0
c— | 2 ‘3 fu G Cu (5)
0 € 0 0 0 0

The trapsfer function matrix among the defined inputs and outputs
can be derived from Eq. (1):

¢ = Tt = W(s)=[C[sU— A]"'B+D] (6
Ao Ao Aew

—(8) ——(s) (s)
AU, AU, AP, "7
where U is the unit matrix.
By substituting jo for sin Eq. (6) one can get a suitable method for the point
by point calculation of the Bode diagrams of any of the input—output pairs.
In the case of our model system there are two automatic control devices:

the voltage regulator and the turbine governor of the turbine-generator unit.
The input and output signals of the first one are the terminal voltage and
the field voltage; for the second one these signals are the speed deviation and
the turbine power output. It is obvious therefore that in our case the elements
1,1 and 2,3 of the transfer matrix in Eq. (6) are of primary importance.
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Dynamic performance investigations: some results

The object of studies described below was a particular class of UHV
interconnection lines, on which a significant amount of power is transmitted
during normal operating conditions of the interconnected systems. In case
of contingencies, however — resulting in power station shortage in the receiv-
ing-end system — the power transmitted may still considerably increase, and
approach the stability limit value. The model system in Fig. 2 is especially
applicable to qualitative dynamic performance studies of such kind of inter-
connections. (It is to mention here that the 750 kV line between Hungary and
the Soviet Union will be of this type of interconnections.)

The main dates of the system studied were as follows:

rated line-to-line voltage: 750 kV

length of the UHY transmission line: 500 km

longitudinal impedance pro unit length: 0.013 + j0.27 ohm/km
transversal impedance pro unit length: —j0.25. 10% ohm/km

rated apparent power of the R power station: 1500 MVA.

The following “strategy” was chosen for the numerical investigations:

The operating conditions shown in Fig. 3 were taken as reference case;
special computer programs helped to determine the “working point value”
of the state variables, and afterwards the matrices of the state equations.
The dynamic performance of the system — being in the shown (nmormal)
operating condition — could be evaluated by determining the eigenvalues of
matrix A and by computing the appropriate Bode diagrams.

R s
200370MA | poomw | zooMw
Uk =102% "{ U102 %
v
2400 MW B MW
Ug=Us =100 %
Fig. 3

In the second step a fully loaded 200 MW unit was supposed to fall
out in the receiving-end system (this could be simulated by diminishing the
turbine power in the model system by the same amount). The dynamic per-
formance could again be studied in the same way.

Now repeating this step several times a state has finally arrived at,
where a change of sign of the real part of one of the eigenvalues appeared,
indicating dynamic instability. In this way the maximum transmittable power
could simultaneously be determined.
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Table 1
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The above procedure was easy to repeat with somewhat changed initial
operating conditions or passive parameters, determining thereby the effect
of the parameters changed on the dynamic performance of the system studied.

I should like to expound here only some of the most characteristic
investigation results.

Table 1 shows the eigenvalues (2) of matrix A in the reference case, for
lacks of power (Pgry) in system R of o MW, 3x200 MW and 6x200 MW,
respectively. The first of the eigenvalues is ““characteristic of the steady state
stability” of the machine: this could be stated on the ground of former studies
on the usual “one machine-infinite bus”® model system (neglecting all the
shunt impedances in the model of Fig. 2, and the machine supplying power
to the infinite bus).

The results of these studies proved that the change of sign of the real
eigenvalue mentioned above was simultaneously to that of the synchronizing
power — which is a well-known criterion of steady state stability.

It is easy to realize that this very eigenvalue is getting more and
more negative as the power deficiency increases on the side R (with the simul-
taneous increase of the transmitted power).

In the same time the real part of the conjugate complex pair of eigen-
values is getting less and less negative, as the transmitted power increases.
Physically this can be interpreted as follows: the model system studied is
getting nearer to the limit of dynamic stability (the damping of swings worsens),
with the transmission line loaded more and more; the loading has, however,
a contrary influence on the steady state stability of the system.
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Table 2
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Concerning the effect of the reactances ““behind’” the buses R and §
s (see Fig. 2'b)
was favorable for the steady state stability, but diminished at the same time

the following could be observed: increasing the reactance X

the damping of the system (i.e. the dynamic stability); this is seen from Table
2. showing the eigenvalues for this case. However, the increase of the reactance:
X p had just the contrary influence on the stability of the system (see Table 3).
It is interesting to note in this latter case that the first real eigenvalue is posi-~
tive in base loading condition (i.e. with no lack of power on the side R), which
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Fig. 4

means steady stateinstability in spite of the fact that the load angle is not more
than 60°. The Bode diagram has, however, shown that with well dimensioned
voltage regulator, steady state stability can be achieved, see Fig. 4.

Figure 4/a shows the Bode diagram of the system for this case, while Fig.
4/b that of a voltage regulator of usual structure and parameters. It is seen
that the phase curve is going asymptotically to — 180° as o tends to zero.
Now comparing this with the Bode diagram of the regulator, it can be shown

5 Periodica Polytecbnica El. 22/1
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that stability — i.e. the counter-clockwise surrounding to the point —1 in
the Nyquist diagram ¢f the open-circuited regulation loop — can always be
achieved, if the amplification of the regulator surpasses a certain minimum
value,

All the above results were obtained with a nearly 1009, shunt compen-
sation of the line (which will be the case of the 750 kV Soviet—Hungarian
interconnection line).

Supposing however, only 509 reactive shunt compensation — otherwise
with the same parameters as in the reference case — steady state instability

" was fcund again in base load conditiens (see Table 4). The physical explanation
of this phenomenon is the relatively low excitation level of the machine,
necessary for maintaining the same terminal voltage as in the reference case.
(With voltageé regulator the steady state stability could again be assured —
according to the Bode diagram.)

In all the cases studied a marked deterioration of damping could he
verified, as the lack of power increased on the receiving system: the real part
of the complex conjugate eigenvalue pair (which was the only oscillating
mode of the system) became less and less negative. In the case of Table 2,
with 6x200 MW power shortage in the side R, it became practically zero —
which means sustained oscillations and the limit of dynamie stability.

With furtlier power lacking, instability (increasing oscillations) occurred,
and voltage regulators of usual structure were insufficient to prevent it.
(This is fully coincident with some former results, obtained with analog simu-
lation techniques.)

Conclusions

The stability of UHV intersystem power transmission is an essential
element of the stability — and thereby of the security — of the interconnected
system as a whole. The problem in its original form is unduly involved, simpli-
fications are therefore always necessary for practical purposes.

One extreme stage of simplification may be arrived at by the use of
a specially completed “one machine-infinite bus” model system.

A possible linearized state-space representation of this model system is
derived for dynamic stability investigations of the UHV power transmission
in question. The studies were made by eigenvalue analysis and Bode diagrams.

In evaluating the results of the investigations, one must bear in mind
the fact that the model applied is greatly reduced; first of all, it has only one
mechanic degree of freedom. This fact hints to caution, and to take the results
as first approximations only. However, some qualitative relations can be
derived, with special regard to the influence of certain operating parameters of
the system,.such as for instance, loading conditions, reactances “behind”



STABILITY ANALYSIS OF UHV INTERCONNECTION LINES 67

end-buses, degree of reactive compensation, ete. I should like only to point
ut two particular phenomena, which were otherwise ascertained by former
investigations, too, namely:

— with the load of the UHYV transmission line being equal to half (or
less than) its characteristic power, there may be some steady state stability
problem at power stations near the receiving end, if the degree of reactive
compensation is low, and the voltage regulation of the machines is made by
manual control;

— the maximum power which can be transmitted is first of all limited
by the deterioration of the dynamic stability (damping) of the transmission;
this can be prevented to a certain extent only by applying additional signals
to the voltage regulators of the nearby synchronous machines, such as for
instance their speed deviation or acceleration.

Summing up the results it can be stated that the dynamic stability of
such power transmissions can be very favorably influerced by the suitable
choice of the voltage regulator structure and parameters of the electrically
“near-by” machines.

Summary

The stability of UHYV power interconnection lines is an essential element of the stability
of the interconrected system as a whole. The paper presents a special form of system simpli-
fication, which can be used in studying the steady state and dynamic stability of the inter-
connection.

The principle of the studies is described, and some numeric results are given concerning
the possibilities of improving the dynamic stability of the power transmission in question.

Dr. Lészlé Z. Ricz, H-1521 Budapest



