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ABSTRACT

Title of Thesis: Series Compensation Investigation on
the Hydro-Quebec and NYPA 765 kV
Transmission System: Modeling and
Stability Analysis

Name and Degree: Hans J. Candia
Master of Science
in Electrical Engineering, 1992
New Jersey Institute of Technology

Thesis Directed by: Dr. S. B. Pandey

Asst. Professor of E.E.

This thesis presents a mathemathical approach for raising
the power steady state stability limit by adding series
capacitive compensation to a transmission line. The effect of
series capacitive compensation and degree of compensation were
investigated in detail. The power system studied includes an
automatically controlled power system, IEEE Type I.

The results of the actual and theoretical steady state
stability limits for a given series capacitance location and
degree of compensation were obtained by applying the frequency
domain technique. The natural frequencies of each compensated

power network were examined.



The best location for series capacitive compensation is
proposed which is the midpoint of the MSU-1 and MSC-7040 lines.
At this location, the actual and theoretical power steady state
stability limits were obtainedand compared for different

degrees of compensation and system operating voltages.
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CHAPTER I

1.1 Introduction

Continued demand growth from the load areas which are
remote from generating stations, combined with limited
generation or transmission line right-away expansion are some
problems of power system planning. These problems are some of
the considerations which merit the planning of power
transmission system compensation to increase the power transfer
between generation and load areas.

A recommendation was made at the Symposium of
Subsynchronous Resonance (SSR) held at the IEEE PES Summer
meeting of 1975, that system planners give more consideration
to shunt compensation for improvements of stability limits [3].
The main reason behind this recommendation was that shunt
capacitors give rise to super-synchronous natural frequencies
and therefore do not produce a risk of SSR, but they produce
objectionable overvoltages at light loads.

But E. W. Kimbark has suggested that series capacitor
appear preferable where generation is hydro or where enough
load is present to ensure adequate damping of subsynchronous
natural frequencies [3]. It is true that the natural
frequencies of circuits with series capacitors are
subsynchronous and therefore the use of series capacitors
involves certain risk of subsynchronous resonance which has
been known to produce serious mechanical damage to

turbogenerator sets.



1.2 Objectives

The objective of this thesis is to describe with a
mathematical approach the increase of the power steady state
stability limits (Pggg) ©f an automatically controlled power
system using series capacitive compensation with respect to the
location on the line and the degree of compensation. The
natural subsynchronous frequency of each network investigated
are also presented. The power system studied includes the
Hydro-Quebec’s Beauharnois generating complex connected to the
New York Power Authority (NYPA) 765 KV transmission system
whose details are presented in the next section. The power
stability limits can be obtained by applaying the frequency
domain technique in terms of the automatic excitation regulator

(AER) adjustable parameter. The actual steady state stability

y

» testing the system’s stabilitv locus

TSI i
iimits are cbtained by te

with the Routh-Hurwitz criteria. The maximum theoretical power

transfer limit is also presented.
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1.3 Description of the System Studied

The existing 765Kv interconnection between Hydro-Quebec
(HQ) and New York Power Authority (NYPA) consists of the
Chataguey-Beauharnois generation complex and the Marcy
substation, which is located 194 miles south in New York.

The HQ Chataguey-Beauharnois hydro-generation station is
mainly radially operated to export energy from Canada to New
York state. The generators at this station utilize IEEE type I
excitation control system. Power is first carried by HQ’s
MSC-7040 365Kv line to NYPA’s Massena substation, 55.8 miles
from the Chataguey substation. From the Massena site, the power
is further carried 138 miles to NYPA’s Marcy 765Kv substation
via the MSU-1 line. The Chataguey 765Kv substation is
interconnected with the HQ main 735Kv system and the Massena
substation with NYPA’s 230Kv network via two autotransformers.
These interconnections to the HQ-NYPA 765Kv systems are mainly
used to support Beauharnols generation when necessary. Figure 1

shows the overall interconnection of the 765Kv system.
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1.4 Plan of Thesis

Chapter I introduces the problem investigated, describes

the system studied and outlines the objectives of this thesis.
Chapter II presents an overview of series capacitance
compensation and the excitation system of the hydro-generating

station studied.

Chapter III describes the assumptions made, mathematical

linearized models, algorithms developed, and the computer
simulation program strategy used to evaluate the system’s
stability. Frequency domain technique is proposed and used 1in

the analysis.
Chapter IV presents the details of the system studied,
calculation details of various variables needed in the analysis

for the uncompensated and compensated cases.

Chapter V presents a discussion of the results and

analysis

Chapter VI conclusions
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CHAPTER II

Overview of the Series Capacitance Compensation and

Automatic Excitation Regqulator Control System

2.1 Series Capacitance Compensation.-

The improvement of a power stability limit on a system
can be obtained by reducing the overall transfer impedance
between the sending and receiving ends of a power system. The
following methods are available to decrease a system’s transfer

impedance:

m Reducing the reactance of generators by increasing the
numper or generators

m Reducing the reactance of step-up transformers by
increasing the number of parallel transformers

Reducing transmission line impedence by increasing the

number of parallel lines

Adding series capacitance compensation
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where:

is the sending end voltage

is the receiving end voltage

X; 1is the transmission line impedance

0 1is the angle between the sending and

receiving end voltages

For 0 = 90
Es Ep
Ppax =
and with Eg, = E,. = 1.0pu and X; = 1.0pu, we get
Ppax = 1.0 p.u. (2.3)

Now, if we reduce the effective line reactance by introducing
series capacitance, then the maximum power transfer capability

is given by.
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s “r
Prnax =
X; - X5 (2.4)
where X_ is the capacitor impedence.
Let X, = 50% of X; then

Es Ep Es Ey EsEy
Ppax = = =

Xl—Xc, Xl—.SXl .5Xl

(2.5)

and with E_=E, = 1.0pu and X;= 1.0pu, we will have

Ppax = 2.0 p.u. (2.6)

The power angle characteristics of both compensated and

uncompensated lines are given in figure 3.

P
2.0p — - COMPENSATED
1.0+ /- > NCOMPENSATED

90 180 (O
Figure 3
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In addition to improving the power stability limit,

series compensation has been found effective in :

Changing load divisions on parallel paths

Enabling better controls of line load levels

Reducing transmission losses

Reducing voltage drops during system disturbances

While employing series capacitors, care must be taken to
limit the increase current levels, subharmonic frequencies or
subsynchronous resonance levels within acceptable values.

The percent line compensation can be defined as

Xc

* 100
X (2.7)

% compensation =

The percentage of compensation varies between 20% and 80%. It
has been demonstrated that a minimum of 20% compensation is
required to justify economic investment. Levels higher than 80%
of compensation increase the available fault current levels,

the subsynchronous resonance (SSR) and subharmonic frequencies.
This requires higher insulation levels in equipment, which is

not economically feasible.
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The natural frequency of a compensated line can be

calculated from

(2.8)

Since X_,/X; is between 20% and 80%, f, will be of
subharmonic nature of the power frequency, f. The subharmonic
frequencies can give rise to transient currents which may be
damped out in a few cycles or may last significantly longer.
The transient currents may also excite one or more torsional
frequencies on the mechanical shaft of the generator, the
phenomenon is referred to as subsynchronous resonance (SSR).
These torsional oscillations may be severe enough to damage the

generator shaft.
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2.2 Automatic Excitation Requlator Control System.-

Synchronous generators and its associated turbines must
operate to ensure normal conditions in the system by
maintaining its operation between certain limits. Excitation
Regulators control the voltage output of the synchronous
generator. Speed governors and frequency regulators control the
frequency of the generators between its limits. To determine
the stability of an automatically controlled power network, the
excitation control system characteristics must be modeled
appropriately, especially when stability results are sought in
terms of gain controlling parameters.

An "Excitation Regulating Control System” is a
combination of devices designed to generate a field current
which is applied to the rotating field of the electric machine
(rotor) and then induced a voltage in the stator of the
machine. This field current is controlled by means of manual or
automatic control. To explain the process of excitation

control, let us refer to figure 4.
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Figure 4

From figure 4, we can see that the signal V; is
constantly fed to a voltmeter with a reference voltage V.
The difference of V; and V, is a AV voltage which is the
error signal to be corrected. The control to the field I, is
obtained by adjusting the rheostat R by manual or automatic

heans.
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The manual control system is also known as "control with
a dead zone". The manual adjustment will be done by an operator
which obviously cannot respond to a small change. Therefore, a
range of V must be established, i.e., V <4V’0 < Vo which is
the dead zone. The operator will have to respond to a V'O
value and adjust the rheostat accordingly.

An automatic control will respond to an infinitely small
change and will adjust the rheostat accordingly. This automatic
control is also called "proportional control”. There are also
several types of excitation systems which are classified by

industry standards,such as the IEEE [1] classification:

IEEE Type 1: Continuously Acting Regulator and Exciter

This type of excitation is of the proportional type where
the Adjustable Excitation Rectifier (AER) control will respond
continuously to changes in the output voltage.

We would like to point out here that the H-Q
hydrogenerators at the Beauharnois station employ this type of

excitation control systems.
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IEEE Type 2: Rotating Rectifier System

This type of AER uses a damping loop input from the

regulator output.

IEEE Type 3: Static with Terminal Potential

and Current Supplies

This type of AER also uses a current input to control its
excitation level. A current reference is also required with

this type of AER.

IEEE Type 4: Noncontinuous Acting

This is a fast acting, high gain AER. This system has two
different control systems. Depending on the V magnitude error
the different controls are applied. For small errors
adjustments are made with a motor-operated rheostat. For large
errors the adjustments are made by applying Vrefmax or Vrefmin
to the exciter.

The functional block diagram for the four types of AER’s

are shown on figures 5 through 8 respectively.
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CHAPTER IIT

Analysis

3.1 Assumptions Made

The following assumptions were made in the analysis:

(a) Effect of governor-action and generator winding
damping were ignored.

(b) Saturation of exciter and main generator were not
included.

(c) Effect of feedback compensating network of IEEE
excitation control system type I is not included.

(d) Since the total generated power is much less,

~~~~~~~~ P B SN o A B N | + 1 T ~ ATYT TN A T LA
L T e VA R st

modelled as one machine system.

(e¢) MMS-1 and MMS-2 lines were not accounted for in this
study.

(f) All circuit parameters are lumped and assumed to
remain constant during the small period of

oscillations
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3.2 Linearized Models

This section describes the linearized models for the H-Q

generator excitation system and power network elements.

3.2.1 Hydrogenerator

An equivalent hydrogenerator can be modeled by the
dynamic model simulating the slow changes of its
electromagnetic and electromechanical changes. The model
representing slow changes in the excitation winding can be
derived using d-q transformation as:

AEge = AEg + Tgo p AE’ (3.1)

ge q

where qu represents the chanage in voltage applied to the
generator excitation winding.
The dynamic model for a generator, which includes the

electro-mechanical equation for the rotor is given as[20]:

d?A 4
+APe = 0
dat? (3.2)

M
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3.2.2 Automatic Excitation Control System

(ITEEE Type TI)

The main excitaiton of the H-Q generatprs is controlled
by a voltage actuated automatic exitation regulator (AER) which
has one proportional gain control channel. The output of the
exciter field system provides the neccesssary correction to the
generator main field winding.Based on the assumtions for the
AER, the block diagram of figure 5 can be symplified as shown

in figure 9, its matemathical model form is:

- Koy KeASVs
AEg, =
(1+pT,)(1+pT3) (3.3)
_Ke 1 N\ Vs
1+p Te Kov 1+p13
L\ Ege _
Figure 9
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3.2.3 Power Output Models

The following power output expressions can be derived
from the phasor diagram of figure 10, expressing them in

partial derivatives form.

APp, = PJAE, + 5,48 (3.4)
APgiy = PyAE," + s, 44 (3.5)
APyg = PaaVg + S3A48 (3.6)

~ Y 1 —leXzs
- “‘a’Xe e
s | 1 4

e

Figure 10
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where,

o Pr
RLLE
0 Eq (3.7)
o2 Eq
B (3.8)
P,
P o7 E'q
aE'q (3.9)
aPE’q
527 54
(3.10)
oPv
Py= o
Avs (3.11)
bPVs
S 3=
>4 (3.12)

and Py, PEq and PEQq are active powers at the generator

bus which are equal to Pg.
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3.3 Overall System Performance Equation with Type 1

Excitation Control System

Let equation 3.3 be rewritten as

-A AV,
ABg, = —
B
where
A = K., Kg
B =1+ p(Ty + Ty) + p°T,T,
or,
B = p®B,+ pB; + B,
then,
Bp= T3Te

B, =1

Substituting 3.2 into equation 3.4,

- Mp2AS = PAE + 5,48

Page 23
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(3.16)
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(3.18)
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simplifying

~(Mp? + S1) A4

AE =
P, (3.19a)
Substituting 3.2 into 3.5,
2A8 s
- MpAS = PSEL" + S,46 (3.20)
simplifying
2
- (Mp® + S5,)
zlEq' = AS
P, (3.20a)
Substituting 3.19a and 3.20a into 3.1,
- (31 + Mp?\+ T4, p (Mp + S,
P, P, (3.21)
Factoring P,
~1fs, + Mp? + T4, pP;(Mp + S
1 p doPP1(HMp NS
Aqu = - —
P, P, (3.22)
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simplifying the above expression,

3 mp?
U -1 (ﬁ'dopPlMp +MP?4T goPPIMPS+S1) A g
ge -~ .

P P, P, (3.22a)

The polynomial inside the brackets is then replaced as C,then

-C
AE,, = — Ad
P, (3.23)
where,
C =cppd + Cp? + Cop + C (3.24)
0 1 2 3 .
where,
Co = Tgo M P (3.25a)
£2
c, =M (3.25b)
C, = Tgo P; S, (3.25¢)
Py
c3 = S5, (3.25d)
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Substituting 3.2 into equation 3.6,

-M p?AS= PjAVs + S;A 8 (3.26)
simplifying,
- M pD§ S3 A4
Avs = P, (3.26b)

equation 3.26b can be rewritten as follows,

AVvs = -D AS (3.27)

where D = Dyp?+ D;p + D, (3.28a)
M
Dy= —

P, (3.28b)

D;= 0 (3.28¢)
S3

P, (3.28d)

subtituing 3.27 into 3.13

AD
B (3.29)
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Equating 3.29 and 3.23,

-CAS  AD A

Pl B (3.30)

AD + BC
AJ(—— — ko0

B P, (3.30a)

ADP; + BC = 0 (3.30b)

which is the system performance equation.

Substituting the values of A, B, C and D into equation

3.30b, we obtain

A(Dyp? + Dyp + D,)P; + (Byp? + Byp + B,)

” ”
(L'op' + L’lp‘ t+ (,2[)/ = v (S edy

where,
2 5
ADop Pl + ADlpPl + AD2P + BOCOp +
4 3 2 4
Boclp + Boczp + B0C3p + BlCOp +
3 2
Blclp + B1C2p + Blc3p + B2C0p +

2
B,C;p° + C,B,p + B,C,4 (3.31a)
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then, the following fifth order polynomial is obtained:

P> (BoCp) + p* (BoCcy + B1Co) + P> (ByCy +
2
B;C; + B,Cp) + p? (ADyP; + ByCy + B;C, +

(3.32)

a0p5 + a1p4 + a2p3 + a3p2 + ayp + ag = 0
(3.33)

This is the fifth order polynomial of the investigated

power system. The coefficients are a,, a,, a,, az, ay

and ag which are define as,

ag = CpBg = TqoMP; T3T¢
P, (3.34)

P,
(3.35)
a, = ByC, +B;C; +B,Cp =(T3T¢)(TgoP1+52)
Py
+ (T3T )M + Ty MP;
P, (3.36)
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az = ADOP1 + BpC3 + B;C, + B,Cq

Pj Py

v
[N
|

= Kov(0)P; + (T3+To)S; + TyoP1S>

Py

ag = AD2P1 + BZC3 = Kov S3 Pl + Sl

Pj

(3.37)

(3.38)

(3.39)

It is to be noted here that parameter k., is the AER

unknown gain parameter.Since stability results are sought in

terms of this parameter, we would then re-arrenge equations

3.2 throuaogh 3 39 intrn the fAllawinsa FArme:

a0p5 + a1p4 + a2p3 + (Kovz, +AA3)p2 +

(KovZ, + A,u)p + (KovZj +AAg) = 0
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where

MP,
Zl = -
P, (3.41a)
Z, = DP; =0 (3.41b)
p
S3 1
Z3 = —
P, (3.41c)
A Ay = (T3T,)S; + (T3+Tg)(TgoP +S,) + M
P, (3.41d)
A A4 = (T3+Te)sl + TdOPlSZ
P, (3.41e)

(S.xil,
The power system performance shown in equation 3.40 is

required in order to apply the frequency domain technique,

which will be briefly describe in the next section.
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3.4 Frequency Domain Technique

The numerical values of various coefficients of the
performance equation (Bg, @7, @py eeeeees ap) can be
interpreted geometrically as a point in space having
coordinates (a,, @i, ag, «eeeee- an)-

To each point in this space, it corresponds a definite
set of coefficients (2g, @7, @pyeeees ..ap) and
consequently definite values of all roots (p;, Py,
«essepp). If in this space, there exists a region in which
each point corresponds to a performance equation whose roots
lie left of the imaginary axis in the complex plane (or p
plane), then the profile bounding region (or locus) is called
the boundary of stability.

Since all coefficients are functions of the system
parameters, one can as well plot the region of stability in the
parametric space. If there are only two parameters varying, the
region of stability will be a plane. If there is only one
varying parameter, the region will be a straight line. If any
parameter varies continously, roots may then cross over to the
right half plane or from right to left half plane, then the
boundary of the region of stability can be thought as a
reflection of the imaginary axis of the root plane. This

suggest a procedure for constracting the stability locus.
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3.4.1 Construction of Stability Locus.-

in the Plane of Parameter

Eov

A performance equation can be arranged as follows:

S(p) + K Q(p) = 0 (3.42)

where K is a complex unknown variable. S(p) are the terms in
the performance equation which are not associated with K. Q(p)

are the terms associated with K.

Replacing "p" by jw in equation 3.42,we obtain,

S(jw) + K Q(jw) = 0 (3.43)
crﬂvw'ﬂg far k.
=S(jw)
K = = Re (K) + jIm(K)
Q(jw) (3.44)

"W" can be assumed to have a range from -©© to +co.
Substituting these values into equation 3.44, a locus for K can
be obtained. After this locus is developed in the complex plane
of K, the Routh-Hurwitz [20] criterion can be applied to check

for stability.
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3.4.2 Application of the Frequency Domain Technigue

to the System Under Investigation

Equation 3.40, which is the performance equation can be

rearranged as,
2 5 4
KOV(le + Zy,p + Z3) + (agp™ + a;p

+ a2p3 +A.A3p2 +AA4p + AA5)=O

(3.45)
comparing with equation 3.42, we obtain
Q(p) = Z;p% + Z,p + Z,4 (3.46)
and
P(p) = aop5 + a1p4 + a2p3 +AA3p2 +AA,p +AAg
(3.47)

replacing p by jw in equations 3.46 and 3.47, and the

separating the real and imaginary parts, we obtain
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then substituing the above equations into 3.44,we obtain

-(P37 + JPy3)

Kov = . = Re(K,y)+JIm(K )
(Qq1 t JQ52) (3.50)
where
- P13Q11 * Py20Q22 (3.51)
Re(Ky,) = 2 .
Q117 + Q22
- PypQ31 + P110Q2- (3.52)
Im(K,,) = ; .
Q117 * Q22

From equations 3.51 and 3.52, the stability locus can
then be plotted on the two-dimensional real-imaginary plane of

K for any operating condition.

ov

For the system studied Py;1, Pyy, Q77 and Q,, are

defined as follows,

Py, = (aw? -Aaw? +AAg) (3.53)
Py, = j(agw® - ayw’ +AAW) (3.54)
0y7 = Zw? + 2,4 (3.55)
Qop = J(ZyW) (3.56)
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3.5 Computer Simulation.-—

Examining the terms P;1, Py, Qg7 and Q,, it is
clear that these are functions of the power derivatives
P4,S4, P,, S,, P3 and S3 and of other system
parameters. The values of the above terms vary from one
operation condition to another. The following strategy for

algorithms development is suggested :

Step #1- Obtain overall generalized circuit constants Ay,
Bgp, Cp and DO of the transmission network

under study.

Step #2- Construct the active and reactive power values of

the generator bus.

Step #3- Using the results of step #2 evaluate the generator

internal voltages and angles.
Step #4- Using the results of steps 2 and 3 compute the power

derivatives for the network at any given operating

condition.
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Step #5- Using the results of step #4, the terms P11, Poos
Q11 and Q,,can be estimated and later used do

defined the stability locus.

A computer simulation program was developed to solve
steps 1 through 5 . A flowchart for this program is shown in

figure 11 below,

‘ Number of segments ,

1
Ll?m:nxeﬁ J
|

Calculate Individual
A,b,B,C,D parameters

Add Compensation

Yes

Vaiue of Xc

' Calculate compensation A,B,C,D I

What location

! Calculate overall A,B,C,D ]

No
Calculate P,Q,
Yos
No )
W

Yes |
l Calculate power derivatives 1

[ﬁalculate Kov loci

End

Figure 11
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Then the Routh-Hurwitz (R-H) criteria was applied to

determine which side of stability locus is stable, table 3.1

below was developed to apply the R-H criteria ,

TABLE 3.1

Routh Array

ao

at

az

as

a4

ad

C13 =atl a2 - a0as3

C23:ala4-a0ab |c33.0

-0
1 at at at
o= 21 | c1a =c13a3 - C23a1 | C24+C13a3-a1C33
Cc13
Cc13 Cc13
DN - C13 | C156 =C23C14 - C13C24 | C25 = O
Cc14 Cc14
)4= C14 | C16 =C24C15 - C14C25
Cc15 Cc15
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CHAPTER IV

4.1 Computation of Generalized Circuit Constants.—

A transmission line is modelled as the 77network shown in
figure 12.a. This network can be expressed in terms of its

generalized circuit constants as shown in figure 12.b.

Ir

A
v

s o

Vs Vr

Figure 12.a
Is Ir
— L r 5
1 Ao Bo i
Vs Vi
C 0 D o ‘
Figure 12.b
Vs = AVr + BIr (4.1)
IS = CVr + DIr (4.2)
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Where constants A, B, C and D parameters are defined as:

zZY
A=1+—
2 (4.3a)
B =3 (4.3b)
Y2z
cC =Y +—
4 (4.3c)
Zy
D= —+1=2
2 (4.3d)

Equations 4.1 and 4.2 can also be represented in matrix

form:

Il

(4.4)

Likewise a series capacitor can be represented in the
matrix form. Refering to figure 13, the following generalized

circuit constants are defined for a series capacitor:
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Is ——— Ir

? - >
Vs vr
Figure 13
V=V, + 2 I, (4.5)
11 =0Va 4+ 1, (4.6)
where,

A =1 (4.7a)
B =172 = -X, (4.7b)
c=o0 (4.7¢)
D=1 (4.7d)

4.2 Determination of the Qverall Constants

Ao, Bo, Co and Do

For the system studied, the system had to be modelled in
terms of its overall circuit constants. As it was indicated in
chapter 3 a computer algorithm was developed to compute the
overall circuit constans. The base case was the existing

uncompensated case.
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Case 1, Uncompensated Power Network; The existing Power

network (figure 1) was simplified to one machine
representationas as shown below in figure 14.a. Segment 1
represents the the equivalent impedance of the network between
the 765 kV Chataguey bus and the Beauharnois generators, these
segment include step-up transformers. Segment 2 represents the
MSC-7040 line and Segment 3 the MSU-1 line. The computer
program will first determine the A, B, C, and D constants of
each segment, figure 14.b. Then these segments are combined to
c

obtain the overall A,, B and D, equivalent,

o’ ~o
figure 14.c.
Vs Vr
Segment Segment Segment Gi
Figure 14.a
Is Ir
Al B1 A2 B2 A3 B3
XVS Vr]
C1 D1 c2 Dz Cc3 D3
Figure 14.b
/s Ir
y Ao Bo |
S V. T
Co Do r
Figure 14.c

Page 41



The MSU-1 line, MSC-7040 and the equivalent network line
parameters are given in pu quantities, with a 100 MVA base,in

Appendix A.

Case 2: 20% Self Compensation of the MSU-1 line at the

source side;The power network of case 1, was then

modified for compensation of the MSU-1 line, placing the
compensation at the source side of the line. This network is
shown in figure 15.a below. The computer program calculated the

new overall circuit constants, A’,, B’,, C’, and D', by

modifiying the circuit of case 1 to place the the circuit
constants of the series capacitor in the proper location of the
modified array. Figure 15.b shows the new overall block diagram

for case 2.

Vs

Vr

Segment Series

egment 3
Cap.

Figure 15.a

Ir

Figure 156.b
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Ccase 3: 20% self Compensation of the MSU-line at the Load

Side; Similarly to case 2, the original uncompensted
network of case 1 was modified to place compensation at the
load side of the MSU-1 line. The same procedure perform by the
computer program in case 2 was done here to place the circuit
constants of the series compensation in the proper order of the
modified array. Again new overall circuit constants A/,

B’ C’y and D’, were determined for this case. Figures

OI
l6.a and 16.b show the modified network and the new overall

block diagram.

Vs Vr

Series
Cap.

Segment 1 Segment 2 Segment 3

Figure 16.a

Figure 16.b
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Case 4: 20% self Compensation of the MSU-line at Both

Ends; The 20% compensation was divided in half and placed
at both ends of the MSU-1 line. The same procedure outline for
the above cases was performed by the computer program. Figures

17.a and 17.b show the modified network and the new overall

block diagram.

Vs Vr
Segment 172 egment 3 1/2
Comp. Comp.
Figure 17.a
/S Ir
Ao Bo
T Vs - . Vrf
Figure 17.b
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Case 5: 20% self Compensation of the MSU-line Place at

the Midle of the Line;This time the compensation was

placed in the middle of the line. For this case the computer
program first models the MSU-1 line as two segments by
recalculating the circuit constants and then places the series
capacitor circuit constants in the proper array location.
Figures 18.a and 18.b show the modified network and the new

overall block diagram.

Vs Vr

Segment 1} Segment 2 172 Series 172
Seg.3 Cap. Seg.3

Figure 18.a

Figure 18.b
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A similarly procedure of series compensation was
performed for the MSC-7040 line as for the MSU-1 line. The
MSC-7040 was compensated witn 20% of its line reactance and the
same locations as for the MSU-1 line were tested in the

MSC-7040 line. These cases are:

Case 6: 20% Self Compensation of the MSC-7040 line at the

source side. Figures 19.a and 19.b show this case.

Vs Vr

Segment 1 Series Segment 2

Cap.
i

Segment 3

Figure 19.a

LN B
. Ao B'o

Vs
t CoDo Wﬂ

Figure 19.b

Case_7: 20% self Compensation of the MSC-7040 line at the

load side. Figures 20.a and 20.b show this case.

Page 46



Vs

—

Segment

Segment 2=
L

Series

c

ap.

Figu‘re 20.a

Figure 20.b

Vr

Segment 3

Case 8: 20% self Compensation of the MSC-7040 line at

both ends. Figuresw 21l.a and 21.b show this case.

Vs

I ——

Is

—_——

WVs

—

[ [ !
Segment 1 1/2 Segment 4—
Comp.

Figure 21.a

C'o Do

Figure 21.b
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1/2

Comp.
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Case 9: 20% self Compensation of the MSC-7040 line, place

at the midle of the line. Figures 22.a and 22.b show this case.

Vs Vr
Segment 172 Series
Seg.2 Cap.
Figure 22.a
Is Ir
x Vs VI'Y
Figure 22.b

Case 10:Finally compensation was added at the physical
center of the MSU-1 and MSC-7040 lines. The network diagram was

modified to shown this new location. Figures 23.a and 23.b show

Vs Vr

Segment 1 Segment 2 "Seg.3" Series Seg 3

Cap.

Figure 23.a

Figure 23.b
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4.3 Computation of Active and Reactive Power

Characteristics.-

Equations 4.1 and 4.2 can be rewritten with the overall

constants A,, B C, and D, ywwhich were previously

o’ (]

determine for each case described in the previous section, as

shown below,

Vg = AoV, + Bol, (4.8)

I, = CoV, + DoI, (4.9)

from equation 4.8, we get

Vo - ‘AoVr

S

Bo (4.10)

3 . . n o~ ’ . . -
DULMDCLLULLLILY Fed U it wev

CoV, + Do(Vg - AoV,)

Bo (4.11)

DV, + [C - ADJV,
I — amamren. —
B B (4.11a)

Let Vr = Vr /8 and Vs = Vs /0 = Vs(cos 6 + jsin 6). Then,
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D(cos 6 + jsin 6) + [C - AD]JV,

Ig =

B B (4.11b)

The apparent power of the network 1is
S =vV_1I (4.12)

s = Vg (cose+jsin9)[£*VS (cose-3sine) +[C*-i*D*]Vr]

B* B* (4.13)

After simplifying and rearranging equation 4.13, we obtain:

Sg = Pg + jO = (4.14)
S
o« —ts 1/a = ¥p2:02 Jran-1 A
“s +7“siexs £ X s
PS
(4.15)
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where,

P, = Vg[DV,cosF; + (Ccos(-8.) - ADcos ,)cos 6

B B

+ (ADsin), - Csin(-6.)) sin 0 ]

B (4.16)

Qg = Vg [DVgsin¥; + (Csin(-6,) - ADsin¥#,) cos 6

— —

B B

+ (ADcosVé - Ccos(-8,)) sin 0]

—

B (4.17)
where
1 _
y) = "BD +65
Yo = -6 +¥
also A=A [Oa A'= A [(=CA
B = B /Bs B*= B /€%
c = clé: c*= ¢ /-9
D =D /b0 D*= D /-6p

From equations 4.16 and 4.17 the active and reactive
power values at the generator bus can be obtainaed for any

operating condition 8.

Page 51



The results for the active and reactive power
characteristics for the uncompensated case and for each
compensated cases are shown in figures 24 through 26.d for 20%
compensation of its own line impedance. Each figure also shows
the power characteristics for the source voltage, Vs, at 1.0

and 1.05 pu with the receiving end voltage mantain at 1.0 pu

for both cases.

o T e Y|
e e
- P ———
1
= 1
] T :
- I T
t
i 1 1
}
1 1 T
} 5 H 5
=1
Z) T T
T 5. L" % 1 T T
‘V £ 1 1 y. | v 4
1 T L 77 T ]
; f
7
A "
50 =7
7
: T
; t i
F A
T i,
T T + l'
T =1 e
~ i
7
= = o
} ve yoai t vi
1 =
v 7
: v 7
Z . 7 Fr
; 7 £ 1
f i '
~ l‘l II
ya
Z. F S A T
‘ ; 77
A V4
£ v 4 I
Z o9 X I!
t 72 o =1 <7} v
T p.d h_] 7
T " Vi l’
T 7
T T ya ys
Vi 1‘ l’
b Z 1 £
7
: T 7
T I Il T 1 ¥
22 ; } t F—
-h I L L
———= - > — % =
= [ S S SR A e T - T S "/ ,/
1 ra pa P
1 I 4 b 1 T
— ya + 11
£
i o
A7 v omws ;i
o o v
7
f T
Z —
A—>
I’ y 4 r
ys 1 —
y amw £ =
L 17 £- v
y
Il ;4
ll II L
7 v T
7 ya t
ve v
1 i 17
7 ya + :
7 i ya t
A ;
1 ll A ys A T
t F F o y )
+ =
TN e 7+ y ¥< =
o —
l‘ 74 ~ T
¥ i Z. 1 T
ye 7 1
v A r 4 A VA .\
I 7 1V d X ¥ ~4>)
i ¥s
4 v 1
717
£ #
7 A 1
T y o s
1 v s
£ S
Z. X
1 7
T v v 1
IS A 3 Z B
i
ya
ya 7 T
3 T
T z Z H T
VA V4
> it
2
+
T
i
77— fa—
Z +
T z T
— 1
e :
T ~ 7
T 7 1
t =
2
{ JAr 2 - 197 Q. Y b 4 I
Q L= L | he o [ -4 ~ £
T t A
= ;s T T n
T 1 b T |-
T T T
T 1 T I T
1 1 T

Figure 24



A _
— - e - AT A L
- o , 3 r
" z - . . P 1
N S
S SR
[ 4 L .D. _
i n
B N -
Je
)
Y
o)
o)}
-~
Fy
, ”
amm” !
“ .
N
o _
N ;
S :
s\ ;
ll .
Ty




- |
- ,
Ry RN T
ml} B
S S
= _
o N
v . 0
N e
R
T .g
LS

e

vk
|

) NN OO W

U

|
'

PRSI S .

H

.un%l‘\ S
a i
- “
PN
8w N
— IR
g
Q- aj :
% . (o))
S
by —
- ) “
_ -1 Bl
o |
S ; i
- 1 n
- : 1
- |
EECE S |
- - UH\ H
i o=




o !d’ i
' '
P
L
[
v
'
'
'
'
'
'
-
i
I

Figure 26.a

SRS RS SRS PR N

- I P PSS A ISR S [ o W i - -
R e R R R - !

Page 55



7

B qe

S } 5 )
©
~N

= - O

i RS
= - Sy

s — o

1. Z vwﬁl ‘lﬁq“

- 3

_ —— z rﬂfu

x! A
LT
i ‘1 ,
-
| \lwi;‘
[
.
i ,
T
Tﬁr{
I
RN
|
i
e+t
|
2
]
I
.
|
|
T
| 240
1
I
I
|
L
LA
T
I
1
[
R
I

R w\\\\ J— o N -
S e idiuuvll o T 4

P
]
't
/
/
V(ju"
Lo
I
P12

|
|
7‘{»
Iy
1
-
}
ff/
t
o
it
44

e b o .¢

e e

S 4" 1" 30 N

'

!
U
IBEI
‘!;
]
;]‘
LI
L é&Vl
for "‘ fa
S
+ o

'

|
5
f
!
i
T
)

Page 56

'

Figure 26.c

l
I
|
i
1




4.4 Computation of Generator

Internal Voltage Angles.-—

Referring to the phasor diagram, figure 10, of a salient
pole synchronous machine, various internal voltages behind the
synchronous reactance and internal torque angles in terms of
active and reactive power flows can be determined for any
operating condition.

The open circuit voltage is:

2 2
. (Vs + Xg QS) +(Ps xq)
g =
Vg Vg (4.18)
é Ps Xq
g = arctan ——
2
Ve o+ Xqu (4.19)
The transient emf voltage is:
N2 \2
o (Vs + std> +(Psxd >
Vg Vg (4.20)
J, Ps Xq
/ = agrctan —_—
Vg + X370, (4.21)
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The emf voltage proportional to the direction is:

By’ = E’cos(dg - 47 (4.22)
then,
Eq Xd - Xd' - Eq Xd - Xq
Eg = _
Xg = Xg Xg - Xg (4.23)

where X4, Xg'and xq are the unsaturated reactances of the

hydro generator.

The details of H-Q equivalent generator unsaturated

reactances are given on Appendix I.

4.5 Computation of Power Derivatives.-

The power derivatives equations P,, S;, P,, S,,
and rg, oz CaN Oe delfdved LLoll Lle POASOL Uidylidul Liguic

10, by defining the power output expressions.

E V sind + v? Xgq = Xgq sin 2 4

q
Ppg = ——
xXq% 2 Xqi X438
(4.24)
f 2 - ’ .
o -E_g’V51na+_Ii Xq = Xgq’ sin 24
E B I'4
? xg's 2 x45 %g%
(4.25)
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V.,V sin§+ v? «x sin 2 §

by - 99 v q
gq Xea 2 ‘Xq Xg
(4.26)
. 2 ,
V, Vg4 cos gsind+ K Xg sin 24

PVg = —_

e 2 xgq X
(4.27)

then from equations 3.7 through 3.12, the following expresions

for the power derivatives can be obtained:

V sin$
Pl = -
de-
(4.28)
2
. EqV cosd+ v Xq = Xgq cOs 28
;= — — 2
X4 <. XgEXq5
(hel
V sin§
P2 = T
xq'3
(4.30)
E 'V cosf - V2 x_ - x4’ cos 2§
., . a *q = *a
2 7
Xq’S Xqixd’g
(4.31)
V sinf 1
P3 = -
Xg cosdg (4.32)



. _ Vg V (cosgg cosé- 1 sing§ s.mZJ(Z Xg
3= ——

x 2 cosgg

e Vg¥q

(4.33)
where
xd2= Xq t Xg
Xq'2 = Xq" * Xe
Xg 5= Xg + Xg

x, 1s the transfer reactance of the power network

e
between the generating point and the receiving end.

The results of the machine internal voltages and angles
and power derivatives, at different operating conditions, where

the not included here for simplicity.

4.6 The Routh-Hurwitz Stability Criterion

The Routh-Hurwitz (R-H) test is used to determine
stability for a time invariant,continuous system like the power
system [20]. The R-H method tests the coefficients of the
characteristic equation of a system. For the characteristic

equation 3.27b

5 4
agp~ + ajp° + a2p3 + a3p2 + aup + ag =0
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the basic problem is to determine, without factoring p, whether
all the roots of the characteristic equation lie in the left of
the plane.The R-H test is done by creating the Routh array,

shown in Table 3.1

The coefficients on the first column of the Routh array
must be equal or greater than zero, To satisfy the R-H

criteria.
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CHAPTER V

Results and Discussions

5.1 Procedure on Actual Power Stability Limits for a

System Employing IEEE Type I Excitation Control System;

The power system described in figure 1 was first
symplified by finding the equivalent impedance between the
Chataguay 765 kV bus and the Beahournois low side of the
generator step-up transformers. The individual transformers
and line impedances of the symplified section were first
converted into a common base of 1000 MVA. The networks
equivalent impedance was used as the line parameters for
segment 1. Transformer losses were ignored.

The Tina naramatara nf +tho MQ[I=1 and MSr-704n 765 LV
lines were converted to a 100 MVA base. Once all the network
impedances were obtain they were input in the computer program
as the base case study. The individuall A, B, C and D constants
were obtained and then the overall circuit constants were
calculated. The active and reactive power for any operating
condition was then calculated. In this analysis the angle 0
between the generator and the infinite bus is defined as the

operating condition. The result of this calculation was
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shown in the power angle curve of figure 24.

To obtain the stability locus the generator and exciter
parameters were lumped toguether in order to symplified the
modelling from thirtysix machines to an equivalent single
machine. The direct-synchronous reactance, transient reactance
and quadrature reactance (x4, x’3 and xq respectavily) of
each generator was first converted into the common 100 MVA
base. The equivalent reactances were then found by paralleling
the impendances. The exciter time constants T3 and T, of
the machines were averaged to obtained an equivalent constant.
The equivalent generator field constant (Tqo) was also
obtained by averaging the thirty six time constants

The stability loci for diferent operating conditions was
then determined and the stability region was determine by using
the Routh-Hurwitz criteria. From this test the power steady

atate atahility Timit. DS;?SL’ waas Adetermined +tn be 23 10 p 17,
The maximum power transfer, Pmax, for this uncompensated case
was determined to be 28.19 p.u.

Figures 27.a through 27.h show the stability loci for

20, 30, 40, 50, 54, 55, 56 and 60 degrees, with 55 degrees as

the Psssy, -
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Figure 27.a
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1
1

Figure 27.b
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Figure 27.e
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Once the stability limit for the uncompensated case was
determined, series compensation was added to segments 2 and 3
one at a time. The previously defined procedure was again
applied to each of the compensation cases, previously

described, to determined the Pggr, and P, ., values. Also as

X
indicated before, different locations were tested on each line

to determine the optimum Ilocation. Optimum location is defined
to be the place where the highest Pggq; value was obtained for

the same compensation.

5.2 Effect of Series Compensation on Power Stability Limits:

Location and Degree of Compensation

The effect of location was evaluated by testing different
locations for series compensation. The different locations were
described already in chapter 4. Table 5.1 shows the results of

the Adifferert Tncatinng teoctod.
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TABLE 5.1

20% COMPENSATION of MSU-1 and MSC-7040 LINES

Vs = 1.0 p.u. Vs = 1.056 p.u.
P P P P
SSSL max SSSsL max
Uncompensated
P 23.098 |28.1907 | 24.545 29.60
Network
Source 24.37 | 30.116 26.224 31.62
Cl M Load 04.105 | 29.79 | 26.837 | 31.277
(0] — "
Divided in half
M S v 24.24 29.96 26.08 31.454
U at both Ends
Pl Middle of
El the Line 24.35 | 30.12 26.202 31.621
N
SI' M Source 23.439 | 28.97 25.22 30.413
A s Load 23.43 28.95 25.21 30.40
T . - . h If
e Divided in halt} .3 435 | 28.96 | 25.215 30.41
o at both Ends
Middle of
N 7040 25.223 30.41
the Line 23.44 | 28.968

From Table 5.1, it was determined that the optimum

compensation location for the MSU-1 and MSC-7040 lines were at
the source side. It was then decided that further compensation
studies will be carried on the MSU-1 line, which lies in NYPA

territory.
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The results of the different degrees of compensation at
the source side of the MSU-1 line, based on its own line
impedance, are tabulated on Table 5.2. Figure 28, which was

developed from Table 5.2, compares the Pgggy, for different

degrees of compensation for Vg5 equal to 1.0 and 1.05 p.u.

TABLE 5.2
MSU-1 COMPENSATION AT SOURCE
Vs = 1.0 p.u. Vs = 1.05 p.u.
Con?peegr:::tic:)fn PSSSL Pmax PSSS‘- Pmax

20% 24.35 [30.1163 | 26.224 | 31.622
40% 25.489 | 32.337 | 27.821 33.95
60% 27.13 34.9 29.277 36.65
80% 29.047 | 37.9 31.37 39.8
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Another way to evaluate the Pgggy improvement when
compensating a power network is to compare power gain

improvement against degree of compensation. The power gain is

Aefined as theo ratin nof +ho comrensated D ., to theo PSSSL

of the uncompensated case.

, PsssL(comp)
Power Gain = Gp = x 100%

PsssL(uncomp)

Figure 29 presents the power gain of self compensation of

the MSU-1 line at its source side.
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Figure 29

Next, 20%, 40%, 60% and 80% compensation of the total
line impedauce of seyqiucils 2 aud 5 were pldied ol e souLce
side of the MSU-1 line. Table 5.3 tabulates these results. As
in the previous cases, figure 30 was developed to compare the

different Pgggy, levels.
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OVERALL TRANSMISSION LINE COMPENSATION

TABLE 6.3

LOCATED AT THE SOURCE SIDE OF MSU-1

Vs = 1.0 p.u. Vs = 1.05 p.u.
Degree of P P P P
Compensation sssL max Ssst max
20% 24.759 | 30.993 | 26.665 32.54
40% 27.126 | 34.414 29.24 36.13
60% 29.63 38.68 32.01 40.61
80% 32.3 44.15 |35.523 46.36

Figure 30
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Similarly to the power gain comparisong of table 5.2 a

power gain comparisong is presented for table 5.3 in Figure 31.
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Figure 31
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A final compensation test with the overall percent
compensation was done by placing the series capacitance in the
physical center of the MSU-1 and MSC-7040 lines. The physical
center was found to be 39 miles south of the Massena
substation. To study these cases, the modeling of the network
was modified. The MSU-1 line was now modeled in two segments.
The new segment 3 represented 29.16% of the MSU-1 line, segment
2 represented the remaining 70.84% of the line. The accuracy of
the new model was validated by comparing the overall ABCD
parameters for the four segments with no compensation against
the original three segment uncompensated overall ABCD. The

results of these cases are tabulated on Table 5.4.

TABLE 5.4

OVERALL TRANSMISSION LINE COMPENSATION
LOCATED AT PHYSICAL TRANSMISSION CENTER

Vs = 1.0 p.u. Vs = 1.05 p.u.
Degree of P p P P
Compensation SsSsL max sssL max
20% 27.01 34.26 29.113 | 35.975
40% 29.57 38.60 31.94 40.525
60% 32.86 44.158 | 35.53 46.37
80% | 37,132 | 51.608 |40.278 | 54.183

Page 75



Figure 32 is the compensation characteristic of Table 5.4
for Vg equal to 1.0 and 1.05 p.u. Figure 33 is the power gain

characteristic for this case.
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Figure 32
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5.3 Effect of Compensation on the Network

Natural Frequency

As it was defined in chapter 2, the natural frequency of
the compensated line can be determined by equation 2.8, which

is repeated below.

For the system studL'eJxl is the overall impedance of
the uncompen;ated case, whic is 0.017699 p.u.

The subsynchronous frequencies for the self-compensation
case of the MSU-1 line at the source side. Are presented below

on table 5.4.

% Xe fn

14 22.55 hz
28 31.95 hz
43 39.14 hz
57 45.19 hz
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The subsynchronous frequencies for the compensation of

the 765 kV line with the overall values is presented in table

5.6.
Table 5.6
% Xco f,
20 26.8 hz
40 37.9 hz
60 46.5 hz
80 53.7 hz

Figure 34 compares the subsynchronous frequencies of

tables 5.5 and 5.6.

Figure 34
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From figure 34 we can determine that by going to a higher
degree of compensation the subsynchronous frequencies of the
network are the same as when adding lower compensation on the
MSU-1 line. Therefore attention to higher degrees of

compensation is recommended.
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CHAPTER VI

Conclusions

Hydro-Quebec’s Beauharnois generating units together with
the New York Power Authority 765 kV power transmission system
was investigated for possible improvement in Power Steady State
Stability Limits (Pgggr) by adding series capacitive
compensation. The actual stability limits were compared with
the theoretical power limits. The frequency domain technique
was used to obtain the stability characteristics at any
operating condition. The following findings were

obtained:

1. The actual Pgggy, ©f an existing uncompensated power
svstem with an dwithout increasina the csvstem nnerating
voltage are presented in table 5.1.

2. Next, several locations of the 765 kV power network
were studied to determine the optimun location of series
capacitive compensation for the system under investigation.

Based on the results presented in table 5.1 it was found
that series capacitance when installed at the so urce side of

the MSU-1 line yielded a higher degree of power gain.
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3. The effect of increasing the degree of compensation at
the above indicated location of the MSU-1 line showed continued
increase in the system’s Pgggy Value.

4. Following Kimbark’s recommendation [3] for line
compensation location, series compensation was applied to the
center of the H-Q NYPA 765 KV system. This new location for
compensation yielded higher Pgggy; values for the power system
studied. This results are presented in table 5.4.

5. Also it is seen that the system’s natural
Subsynchronous frequency increases in proportion to the amount
of compensation as shown in figure 34.

6. The best location for series compensation for the
power system investigated is recommended to be the physical

center of the MSU-1 and MSC-7040 transmission lines.

Page 82



BIBLIOGRAPHY

[1] IEEE Committee Report, "Computer Representation of
Excitation Systems", IEEE Trans. Power App. Syst.,

June 1968

[2] N. Fahlen, G. Janke, O. Nerf, "Series Capacitors in
Power Systems", TEEE Trans. Power App. Syst.,

May/June 1975

[3] E. W. Kimbark, "How to Improve System Stability
Without Risking Subsynchronous Resonance", IEEE

Trans. Power App. Syst., September/October 1977

[4] General Electric, "Transmission, a Magazine for

Electrical Utilities, Transmission Line

N ot T An Mar~h 1077

[5] General Electric, "The Amplidyne Characteristics

and Technical Data", GET - 1985D
[6] IEEE Committee Report, "Excitation System Dynamic
Characteristics”, IEEE Trans. Power App. Syst.,

Jan/Feb 1973

Page 83



[7]

[8]

[9]

[10]

[11]

IEEE Committee Report, "Dynamic Models for Steam
and Hydro Turbines in Power System Studies”, IEEE

Trans. Power App. Syst., Nov./Dec. 1973

G.D. Brewes, R.A. Gibley, "The Use of Series
Capacitors to Obtain Maximum EHV Transmission

Capability”, TEEE Trans. Power App. Syst., Nov.1964

E.W. Kimbark, "Improvement of System Stability by
Switched Service Capacitors", IEEE Trans. Power

App. Syst., Feb. 1966

L.A. Kilgne, L.C. Elliott, E.R. Taylor, "The
Prediction and Control of Self Excited Oscillators
Due to Series Capacitors in Power Systems", IEEE

Myang DAyror AAnn Quat Mav/Jiine 1971

N. deFranco, A. Clerici, P. Thanassoulis,
"Overvoltages on a Series Compensated 750Kv System
for the 10,000MW Itaipu Project”, IEEE Trans. Power

App. Syst., March/April 1975

Page 84



[12]

[13]

[14]

[15]

[16]

[17]

G. Alexander, J.G. Andrichak, S.D. Rowe, S.B.
Wilkingson, "Series Compensated Line Protection:
A Practical Evaluation", Presented to the

Pennsylvania Electric Association, 1989
IEEE Committee Report, "Proposed Terms and
Definitions for Subsynchronous Oscillations", IEEE

Trans. Power App. Syst., March/April 1980

V.A. Venikov, "Transient Process in FElectrical

Power Systems", Mir Publishers, Moscow, 1980

P.M. Andersen, A.A. Fouad, "Power System Control

and Stability", vol. 1, Towa State University

Press, Ames, Iowa, 1977

M.V. Meerov, "Introduction to the Dynamics of

Automatic Regqulating in Electrical Machines"”,

Butterworth, London, England, 1961

E.W. Kimbark, "Power System Stability”, vol. I,

Elements of Stability Calculations, John Wiley &

Sons, Inc., New York, 1948

Page 85



[18] C.A. Gross, "Power System Analysis", ond edition,

John Wiley & Sons, Inc., New York, 1986

[19] W.D. Stevenson, "Elements of Power System

Analysis”, 3Y9 edition, McGraw-Hill, New York,

1975

[20] G.M. Swisher, "Introduction to Linear System

Analysis”, Matrix Publisher, Inc., Cleveland, Ohio,

1976

[21] S. B. Pandey, "Class Notes EE711: Stability and
Dynamics of Power Networks"”, New Jersey Institute

of Technology, Newark, NJ, Spring, 1990

21 M Pandev H T. "andia."Scone nf the Freouencv
Domain Technique in Evaluation of Power System
Stability"”, Presented at the Twenty Second
Modelling and Simulation Coference at the School of
Engineering of the University of Pittsburgh, May

1991.

Page 86



APPENDIX I

Beauharnois Generator Data



FLEUVE SAINT-LAURENT

TURB I NE)

501 BEAUHARNOIS

MISE HAUTEUR FACTEUR
EN DE . PUISSANCE DE PUISSANCE
NO, SERVICE MARQUE TYPE CHUTE VITESSE PUISSANCE MARQUE TENSION COURANT APPARENTE PU!I SSANCE ACTIVE
M REV/M HP MW VOLTS AMP, KVA KW
Maen
@ SsePT.'32 ¥ DEW F 2u4.39 75 (Y,800 ¥%34— GE 13,800 72, %00 55,0 . .80 3 4¥,0
/5 SEPT,'32 v DEW F 2u.39 5 53,000 9",5 {_ GCE 13,200 2,025 46,625~ .80 72 37.300
G MA1'82 V DEW F 24,39 75 64,800 { b GE 13,800 2,300 550 .80 %% 94,0
4 SEPT.'B1 V DEW F 24.39 75 4,800 39— Gt 13,400 2,025 6,625~ .80 2£ 37,300
5 JANV.'39 / DEW F 24.39 75 93,000 59,5 GE 13,200 2,025 46,6257 .80 22 37,300
6 AOUT'YY V DEW F 24,39 75 53,000 A1) GE 13,200 2,025 46,6257 .80 22 37,300
"7 NOV.'WY V DEW F 2u,39 . 75 53,000 295 GE 13,200 2,025 46,625~ .80 2% 37,300
8 NOV.'ua V DEW F 24,39 75 53,000 49,5 GE 13,200 2,025 46,625 7 .80 29 137,300
9 ocCr.'32 v DEW F 24,139 75 53,000 49,5 GE 13,800 2,090 50,000 - . .80 ~2 0,000
10 SEPT.'32 V. DEW F__ 24,39 75 53,000 ’Ls | _GE_ * 13,800 .2,090 50,000 - .80 30 140,000
1 ocr.'3y vV DEW F 24,39 75 53,000 29,5 ] 0 - 13,800 2,090 50,000 .80 30 40,000
12 AVRIL'3S V DEW F 24,39 75 53,000 395 GE 13,800 2,090 50,000 .80 20 40,000
13 DEC.'35 v, DEW F 24,39 75 13,000 39,5 GE 13,800 2,090 50,000 - .80 30 40,000
14 SEPT.'83 ¥ . DEW F 24.39 75 t4,800 4834 GE 13,800 2,690 50,000 .80 20 40,000
15 DEC.'S50 v DEW F 23.78 75 £5,000 /0 W 13,800 2,090 50,000 .80 30 40,000
16 DEC.'50 AC F 23.17 7% 56,000 ws GE 13,800 2,155 51,4007 .80 3 41,120
17 AVRIL'51Y DEW F 23.78 75  £5,000 /0 W' 13,800 2,090 50,000 7 <~ .80 32 40,000
18 OCT.'51 AC F - 23.17 7% £6,000 w‘aﬂ_ GE 13,800 * 2,155 51, uoo/ .80 4/ 41,120
~ 19 AVRIL'B}3 v DEW f 23.78 15 €4,800 L 13,800 2,090 . 50,000 .80 3o ho, 000
20 DEC.'s) AC . F 23.17 75  £6,000 418 GE 13,800 2,155 51, 5007, .80 31 41,120
121 NOV.'53 v DEW F 23,78 75 15,000 4,0 GE 13,800 . 2,090 50, ooo/ .80 3 40, 000
28152 AouT's3 AC F 23,17 75 ¢ 5,9 GE 13,800 2,090 50 ) 55 0,000
&T%? AOUT,"831 Vv DEW F 23,78 75 ¢4,800 75°% W 13,800 2,4l5 57,060 80 7 y"‘hs 750
W JANV,'53 AC F 23.17 15 56,000 4,9 W 13,800 2,090 50,000 .80 :~ 40,000
25 AOUT'S2v¥ DEW F 23.78 75 55,000 44 GE 13,800 2,090 50,000 .80 7, k0,000
26 0OCT,.'52 AC F 23,17 75 56,000 447 GE 13,800 2,090 50,000 .80 49 40,000
27 SEPT,'S9 EE H 23,78 94,7 73,700 550 W 13,800 , 2,720 65,000~~~ .85 31y 55,250
28 JUILL.'S9 EE H 23,78 94,7 3,700 550 W 13,800 2,720 65,0007~ .85 3¢ 55,250
29 SEPT.'S9 EE H- 23.78 94.7 13,700 55,9 W 13,800 2,720 65,000/ .85 2y 55,250
30 NOv.'59 - EE H 23,78 9u,7 73,700 550 W, 13,800 2,720 65,000 .85 H 55,250
31 DEC.'59 EE H 23.78 94,7 73,700 550 W 13,800 - 2,720 . 65,000 .85 55,250
32 MA1'60 EE H 23.78 94,7 13,700 55,9 W 13,800 2,720 - 65,000 .85 w 29,250
33 JUILL.'60 EE H 23,78 94.7 73,700 55,0 W 13,800 2,720 65,000 .85 ¢ 55,250
34  OCT.'60 EE H 23.78 94,7 73,700 55,0 W 13,800 2,720 65,000 .85 ) 55,250
35 JANV.'61 EE H 23.78 94,7 73,700 5590 W 13,800 2,720 65,000 .85 /55,250
36 AVRIL'6 EE H 23.78 9y,7 73,700 550 W 13,800 2,720 65,000 .85 14 55,250
TOTAL
LES CARACTERISTIQUES ORIGINALES OES GROUPES SONT DONNEES A-LA PAGE SUIVANTE, /_;/
1o q. -
‘s Tatien d v, uv : /. ,
O Lims 1a¥ e {elh! fOVMc’Ye (1layy o) S e ,,18 (
TIdT3e 4¢.6 MVA o
123 S0 MvA ! B4-01-18-14:51 - BEAUHARNO!S 0_‘_,6,_,/1 aE } PROE-91
X =37 /
"
Yr’ fudire ’-7

ALTERNATEUR




APPENDIX II

Beauharnois Step-Up Transformer Data



rRA
{RA

EMCLOSURD

HL_AU 1w ~NOILS
FORME? BAN{S

Y]

R 1 r(?«)‘ No i » »\d Qq,hn% O \oad Tup
S _— 1’ 1 PVQIRYL VA 3* Position
ased on Ncainsl
rkv and MVA l 2 I 3 4
Tl ‘ 3,571 ] 3,41 (1,11124127,41/13,2. 6, 133,84 127,41 120,98
T2 i 9,418 10,20 12,5600 " ! €5,0 " " " 114,55
T3 13,660 |8.35 10,8608 " 1 46,5 ' " "
T4 664 8 40 ,8408 " " " " "
T5 664 .40 (0,8408 " " " " " 114,55
T6 0,664 |, 3,50 10,8408 " " b " ' "
TIE(’) 0,674 34 S‘XO,BdOS " " " " " "
178200 128870, 7500 127,4/13,2 | 160,0 133,77 127,4 | 121,03 114,97
T10°*’ } 0,300 1’ 30‘“’0.7500 " " . " " "
T1l 0,700 Ld s 0,7166 127,41/13,2} 50,0 133,84 127,41} 120,9 114,55
T12 0,700 } 10,35 10,7166 " " " " " "
T13 0,682 9,38 10,7166 " " " " " "
T14 0,706 0.0 0,7166 " " " " " "
T15 0,684 9,23 10,7444 " " " " " "
T16 0,698 § 9,23 [0,6905 " " " " " "
T17 0,698 (9,117 0,7339 " " " " * "
T18 0,702 9,18 [0,7280 " " " " " "
n9 0'720 9'2 b'“u " 3 " " " ]
T20 0,732 | 9,28 0,7545 " " " " " "
T21 0,716 9,41 p,6873 " " " " " "
T22 0.728 9.55 0.5700 " " " " " "
T23 0,704 | 9,37 )0,5853 " " " " " "
T24 0,726 {9,30 10,6383 " " " " " "
T25 0,706 ] 9,36 10,5944 " " " " " "
T26 0,704 9,9 10,5970 " " " b " "
T27 0,420 10,11 ,230 " 65,0 " " " "
T28 0,408 P0.0& E.OOO " " " ' " "
Toq n 4 ho 09 2 390 " " " " " "
T30~ 0,415 10,03 470 " " " " ’ o
T31 0,632 »10.00 190 " " " " " "
T32 0'362 10'06 150 " " " " " "
T33 0,340 jo,02 p,965 * " " " " "
T34 0,343 110,00 J1,100 " " " " " "
T35 0,348 No,00 ,100 " " " " " "
T36 0.346 10'10 '000 " " " " " ”"
NOTES:
(1) Reference: Banque de données des rapports d'essai des transformateurs,
service Etudes de réseaux, dire-tiun Planification, 82-04-22
(2) Magnetization current in % at nominal voltage ratio.
(3) New double secondary windings transformer (see operatinz single line
diagram, encliosure l-1)
(4) Value corresponding with the two secondary windings in service (parallel);
with one secondary winding out of service, Z = 16% on 127,4/13,2 kV 4nd
100 MVA bases.
{5) XXXX: estimated or tvpical values.
7
\ndre Venne, ing. .-~ /{/
AV/3ja

revised 82-05-20



APPENDIX IIT

MSU-1 and MSC-7040 Transmission Line Parameters



MASSENA-MARCY 765 kV LINE

ELECTRICAL CHARACTERISTIC (134 miles)

Ttem .

1.

No

la.
1b.

2a.
2b.
2c.

3a.
3b.

4b.

5a.
5b.

Item

Operating Voltage
Nominal operating voltage
Maximum operating voltage

Insulation level
Impulse insulation level
Switching surge insulation level
60 Hertz insulation level

Circuit resistance, percent
on 100 MVA base at nominal voltage,
@ 50°C

R1=

RO=

Circuit reactace, percent on
100 MVA base at nominal voltage
X1=
X0=

Circuit shunt capacitance,
percent on 100 MVA base at
nominal voltage

Xcl=

Xc0=

Circuit three phase line
charging MVAR at nominal voltage,
(without reactors in service)

System 1 line protective relaying

2-A - 4

Data

765 kV
800 kV

2800 kV Pos.
1640 kV
1730 kV Dry

0.0479
1.133

1.255
3.600

16.23
23.98

616

Solid State
directional
comparison pilot
system utilizing
power line carrier.



MASSENA - CHATEAUGUAY 765 KV LINE

SUMMARY SHEET (ALSO SEE INDIVIDUAL LINE SECTIONS)

ELECTRICAL CHARACTERISTIC (55 miles)

Item No.

1.

la.
1b.

2a.
2b.
2¢.

3a.
3b.

b4a.
4b.

S5a.

Sh

Item

Operating Voltage
Nominal operating voltage
Maximum operating voltage

Insulation level
Impulse insulation level

Switching surge insulation level
60 Hertz ipsulation level

Total circuit resistance, percent
on 100 MVA base at nominal voltage,
@ 50°C

R1=

RO=

Total circuit reactance, percent on
100 MVA base at nominal voltage

X1=

X0=
Total circuit shunt capacitance,
percent on 100 MVA base at
nominal voltage

Xcl=

YeO=
Total circuit three phase line
charging MVAR at nominal voltage
(without reactors in service)

System 1 line protective relaying

System 2 line protective relaying

Communication channels

2-B - 4

Data

765 kV
800 kV

2800 kV Pos.
1640 kV
1730 kY Dry

0.02161
0.4651

0.5149
1.477

39.54
S8.43

254

Solid state
directional
comparison pilot
system utilizing
powerline carrier

Solid state
directional
distance mho type

Powerline carrier-
two independent
dual channel
systems



APPENDIX IV

Parameters of System Study (all in p.u.)

Hydrogenerator Equivalent

M 0.00522

T30 5.9761
X4 0.0566
Xoq 0.03626
X’q 0.039

Excitation Control System Equivalent

K 1.0
T g0 5.9761
T, 1.4
Ty .4
MSU-1 Line
R 0.000479
X 0.01255
B 6.1614
MSC-7040 Line
R 0.0002161
X 0.005149

B 0.000253



H-0 Equivalent Network

R 0.0011826
X 0.019522

B 0.0
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