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Abstract of Thesis Entitled

LOAD FREQUENCY CONTROL

OF INTERCONNECTED POWER SYSTEMS

A study is carried out into the principal factors involved
in the load and frequency control of interconnected power systems. Ex-
pressions are developed to give the magnitude of deviation of tie-line
power flows and system frequency during times of disturbance in terms
of power system and control system parameters, Further expressions
are developed to indicate the quality of control likely to be achieved
with the given set of parameters.,

The results of tests carried out on the load-frequency controls
of the Saskatchewan-Manitoba-Northwestern Ontario power interconnection
are included and are compared where possible to the theories presented

and the expressions developéd.

K. H. Williamson,
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PREFACE

~ The interconnections of power systems evolve in the interests
of improved ecénomy3 reliabiiity, flexibility and performance. The
attainment of these goals is dependent to a large extent upon the per-
formance of the so-called load-fregquency or supplementary controls
located in the various member areas. The prime function of these
céntrols is to maintain tie-line power flows and system frequency at
the scheduled values both during normal operation and during system
disturbances. It is desirable, if not mandatory, that these supplementary
controls carry out their function rapidly, smoothly and with a minimum
of interactilon,

The purpose of this study is to assemble and review the
principal factors involved in the load-frequency control operation. In
the first chapter, the essential parameters involved are defined and
expressions are developed in £erms of these parameters to give the
maximun deviations of system frequency, tie-line power flow and gen-
eration imposed by the load-frequency controls as a result of system
disturbances. Further expressions, in“termé of the same parameters,
are developed to indicate the stability tendency of>the control
systems and controlled generation in the recovery process after system
disturbances have occurred. An outline of the more popular supple-
mentary controllers is included.

A description of the design principles of Manitoba Hydro's
load~frequency controls is contained in Chapter II as an example of

an application of the theories described herein and in the interests of
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providing a clearer picture of the test results outlined in Chapter III,

Chapter III contains some of the more pertinent results ob-
tained during the commissioning of Manitoba Hydro's load~-frequency con-
trols, Confirmation by these tests of the theories presented and
expressions developed is the aim of this chapter.

The author is indebted to the following for their suggestions,
. comments, contributions and interest in the material presented:-
Professor G.W. Swift of the University of Manitoba, Mr, H. Kaldor of
the Saskatchewan Power Corporation, Mr. G.W. Jackson of the Ontario
Hydro, and Messrs: L.M. Hovey, L.A. Bateman, E.M. Scott, C.E. Birston,
JoT. Atchison and J.G.B. Iliffe, all of Manitoba Hydro. Thanks are
also extended to Mr. R. Fleming for much of the draughting invelved and

to Miss Lorna dJensen who typed the manuscript.
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CHAPTER I
LOAD-FREQUENCY CONTROL THEORY

I - ADVANTAGES OF INTERCONNECTION

The interconnection of power systems creates, in effect, a
single larger system with the greater economies, reliability, flexibility,
and overall regulation that a larger system implies. In providing a
degree of these advantages for itself, the member systems singly would
have to provide greater generation reserves,

In a paper presented recently, the principle of interconnection
was expanded to apply to Canada as a whole,l* The savings obtained due
to the effect of diversity and reduction in reserve capacity amgunted to
some 2300 mW,** This was based upon the anticipated national capacity
requirement in 1965 of some 24,000 mW, The capacity saviﬁg, therefore,
would be nearly 10%. Another paper, utilizing probability methods,
indicates that the capaclity savings available to the five member systems
dug to their mutual interconnection amounted to between 6 and 25%.2

In 1956, Manitoba Hydro (MH) and the Northwestern Region of the
Hydro Electric Power Commission of Ontario (HEPCO) interconnected their
| respective systems by means of an existing 83 mile, 138 kV, single circuit

tie~line. Three years later, a 170 mile, 230 kV line, to be operated

*Raised numerals designate references coﬁtained in the
Bibiography on Pages 79-8l.

*%See Appendix A on Pages 69-71 for the definition of
abbreviations and terms.
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frequency changes aad consequent output change follow ﬁpo The reason
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Speed Droop is defined as the overall change in susaai' ed speed, ex=-

D.u. {(where rated speed = 1,0 pou.), corresgponding to full
gate (vilive) travel from O pou. to 1.0 pou. gate: (vaive) opening with
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G5 xGe=/6:67 x/07F

6. 5. RELATIONSHIP OF PU:- STEADY-STATE SPEED

REGULATION (Gs) AND LY SP/NN/NG CAPA Cry.
‘PE/? 0/ CYCLE (c;c)




Gy = 96 mW/0.1 cycle
= ,048 p.u., spinning capacity/0.1 cycle.
Recalling Gg = (£0 - f1) p.u. (2)

1.0

and for the (fo - fL) deviation,G; » is given by

Ge = 16,67 x 107 p.u, (3)

where 0,1 ¢/s is equivalent to 16,67 x 104 p.u.

Multiplying Equations (3) and (2) gives

Ggl,= 16.67 x 1074 (4)

C

A 00035 p.U. steady-state speed regulation then represents

a governing characteristic of Gy = ,001.667 = ,048 p.u.
. 035

spinning capacity/0.1 cycle as suggested above,

The relationship of Gg and G is plotted in Figure 5.

The above equations are based upon ideal governor.action based
upon the governors! permanent speed droop settings. Governor response
dead-bands, non-linearities in the actual regulating characteristic and
machines with blocked governors produce greater regulation than the
permanent speed droop settings may indicate.8 The effective regulation
is very often larger for very small frequency changes than for laréer
changeseés may be 0,083 p.u. (G = 0.02 p.u./0.1 cycle) for large
frequency changes and yet Gg may be 0,25 p.u. (GC = 0,0067 p.u./0.1 cycle)

for small changes., In other words actual systems behave like systems



0 Cp/C is usually found to be between
0.14 end 0.42 {Gp between 0.0067 .and 0.02 p.u.), with a value for Cg

5 6. 10.11 . , . . .
ajﬁgﬁioﬁ** This latter value is the basis

'

the total load becomes larger, connected

generation s usuelly increased and the amount of generation or load

frequency by & fixed amount must grow also,
Thus, from dey to night when the load levels may vary as meh as three
Lo one, the slope of the speed/generation curve must also change.

-~

7t has been observed that the larger the system the better

o
e
o
5
H
(
<y
{
( 53
+
V3
O
g
L]
[
0
]
o
ck
e
(@]
]
»
[N

.. a greater load change is regquired to

produce & given frequency deviation. Interconnections create larger
systems and so offer better frequency regulation than the average of
che regulations of the member sysitems. ]

In terms of the governi ng characteristic expressed in p.u.

spinning capacity per 0.1 cycle,

LR N

o(1 + 2 + == + 1) = Co(2) * (o) ¥ = * Go(n) = ()
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to the voltage reduction which accompanies the freéuency reduction,
(Though with modern, fast voltage regulators this latter ;ondition
would not persist),

From the above, it will be apparent that the load character-
istic has a positive slope, i.e, a frequency increase results in a
load increase and vice versa. ’

As noted above, the slope of the load characteristic ranges
between a first power to a third power relationshipwith frequency.

That is

from APp, = (fp +Afg) - fg = Afg

to AP = (fp + Afp)3 - fp

where APL = p.u. load change

i

Afp = p.u. frequency change.

Pp = fg = 1.0 p.u,

For the purpose of this study, the generally accepted_0.0l
p.u. frequency - 0.025 p.u. load change relationship will be employed.
That is

- 2.5

If Afp «fp, i.e., if AfR,0.05
TR

which is usually the case, then

AP} = 2.5 Afg — (7)
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which would result in errors in APy not greater than 3_1{3%_,
Figure 6 illustrates the variation of load with frequency
for the 1st, 2.5 and 3rd power relationshiés. _ |
Based upon the 2.5 powervrelationship, the load character-

istic, L, is given by

&

L = (2.5) (16.67) x 107 = 0.0042/mi/0.1 cycle ———v (8)

fr

A 500 mW load at 1.0 p.u. speed would have a load characteristic

of
L506 = (0.0042) (500) = 2.1 mk/0.1 cycle

which would be centered on the co-ordinates fR = 1.0 p.u. and load =
500 mW,

Figure 6 shows also a typical governing characteristic for a
600 mW spinning system. This is the same characteristic as shown in
Figure 4. In the case of Figure 6, however, a 0,0042/mi/0.1 cycle load
characteristic is considered. For the assumed load of 500 mW at 1.0 p.u.
'}speed, the load characteristic becomes 2.1 mW/0.1 cycle.

Let it now be assumed (Figure 6) that a disturbance on the
system causes a frequency depression of 0.2 ¢/s. In accordance with the
combined governiﬁg characteristic, Gpgop, system generation will be
raised by 11.1 miWl. As a consequence of the depressed frequency, the
system load is reduced by 4.2 mW, This in effect causes a total of 15.3
oW to be available at the decreased frequency of'59.8 ¢/:s, In other
words thé true behaviour of the system load, generation and frequency

changes is given by the algebraic difference of the governing (GC) and
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requency decreases. Further, for any given system, L varies
N is usually most convenlently expressed in p.u. spinning capacilty
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1
be slightly decreased,

| (c) The algebraic difference of the actual system governing
and lo;d characteristics is termed the Natural Combined Chafactéristic,

N, and defines the true behaviour of the system to load, generation and

- frequency changes,

IV - SUPPLEMENTARY CONTROL REGULATING CHARACTERISTICS
‘ The simple joining of the member systems by tie-line does
not, in itself, reélize the advantages associated with a larger system.
Regulatidn of tie-line flows is mandatory both for normal operating condi-
tions and during times of disturbances in any one of the member systems
of the interconnection that will result in tie-line flow fluctuations.
-Also, the memBers must comply with the commandment of interconnection
that each area in participating in the benefits of parallel operation
will likewise contribute io the regulation of the interconnected system.
This implies that each member shall absorb his own load changes and
contribute his share to frequency reguiation of the combined system.

The above rules and regulations are very desirable, but'aé'
‘the various governors throughout the interconnection cannot discriminatg
whether or not a load change has occurred in their own particular area
" (because they are speed sensitive only), they would cause undesirable
. and unscheduled powef flows over the tie-lines in carfjing out their
functions of matching generation to load demand. Figure 7 illustrétes(
irdterconnected operation involving Areaa X & Y without supplementary
control.,  (There is no significance to the fact that the natural com-

bined characteristic of Area Y, Ny is reversed in slope.
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The above two conditions represent Yexternal® disturbances,
Because the TIB regulator equation (12) has been satisfied no supple-
mentary regulation takes place, It has been shown that when Kp =N
the desirable condition of non-intervention by the supplementary reg-
ulator exists in areas external to the one where the disturbance ié
taking place., This is known as the Graner-Darrieus condition of non-
ipterventionol8

During *internal®® disturbances, Equation (12) is not satisfied..
When the frequency is low and the tie-line power flow outward is below

the scheduled value, Equation (12) becomes

-APp +APp (-Af) # 0 (16)
AT

and when the frequency and the tie-line power are both above schedule

APp + APp (Af) #0 (a7
pi

For these two Winternal® disturbance circumstances supple-
mentary controller action is required to ¥raise™ or "lower™ generation
in order to satisfy Equation (12). | \

Conclusions relative to this section may be summarizedAas
foliows with reference to Figure 8:-

(a) Flat: Frequency control is independent of tie-line loadings.
If FF control were to be applied to two systems interconnected by a
tie~line, a loading schedule on the tie-line could never be maintained.

| (b) Flat Tie-Line control is independent of system frequency.

FTL control applied to two intercomnected systems would result in a

chaotic system frequency and time errors.
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(c) Neither FF nor FTL control can interpret whether a power
change is external or internal to the area considered. As a consequence,
on an external disturbance, they will effect supplementary regulation
which will have to be corrected later.

(d) Tie-Line Bias contrgl takes into account both tie-line
flow and frequency deviations from normal and therefore possesses the
required information to detect whether a power disturbance is external
or internal. If the bias setting equals the area's natural combined
characteristic an external disturbance will cause no supélementary
control action., It will be shown in following sections that even an
incorrect bias setting is generally to be preferred to either pure

FF or FTL control,

V - INTERCONNECTED SYSTEM OPERATION UNDER THE FF, FTL AND TLB
SUPPLEMENTARY CONTROL MODES

A comprehensive treatment of the general effects produced on
an interconnected system by the FF, FTL, and TLB sugplementary‘control
modes is contained in the reference material.7 The general reasoning
embodied in two or three examples to follow should be sufficient here
to assess the advantages and disadvantages of the three modes.,

To avoid unnecessary complication the sensing and inter-
pretation only of the frequency and tie-line deviations from schedule
will be discussed here, The various mechanisms by which the supple~-
mentary controls act to raise and lower generation will be discussed
in Section VIII of thié chapter. At this point it will be assumed that
the "Raise™ and “Lower® information passed on by the FF, FIL, or TLB

regulators will be faithfully executed.
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Further simplification can be made by noting that FF, FTL
and TIB are all equally effective in dealing with internal power changes
or disturbances. This will be apparent upon reference to Figure 9,

Figure 9 represents the same conditions as Figure 7 but with
the appropriate FF, FTL, and TLB regulator characteristics added, It is
assumed that the bias settings are correct (Equation 13). The load
iricrease in Area Y causes both systems to operat at Point A, while Point B
is the equivalent reference point for the TILB regulator and is a point on
the reference line for the FTL regulator. In area Y, a FF regulator would
raise generation bringing the frequency back on schedule. A FTL regulator
would raise generation to bring the tie-line flow back on schedule., A TLB
regulator would interpret a decreased tie-line flow and frequency as an
internal load increase (or generation loss) and increase generation., ZEach
type of regulator, then, would execute the correct action in Area Y,

Area X would be externai to the disturbance but only a TLB regulator in
Area X on correct bias would be capable of making this interpretation and
provide the desirable feature of refrainihg from causing supplementary

regulation,

Flat Frequency Control - Consider Figure 10. Two power systems X and

Y are interconnected by a tie-line. Area X has supplementary control
equipped generation which will react to keep the system frequency on
schedule. Area Y has no supplementary control equipment,

For the condition of a load increase in Area X, i.e. Point A
on the lower generation frequency characteristic, the rotating machinery
in Areas X and Y decelerate at which time the unit governors acting on

their respective droops increase generation to match the new load at a
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lowered frequency. Area Y is contributing to Area X's load increase
according to its natural combined characteristic which results in an
increa8ed tie—liﬁe flow in the difectipn of Area.X. The depressed
frequency condition is immediately seen by the FF cohtfoller in Area
X which initiates action to raise generation in Area X. As the in-
creased generation raises the frequency back to schedule, the machines
v.in Area Y, as well as those not under FF control in Area X, aré backed
off according to their respective composite governor chafacteristics.
The machines under FF control in Area X have taken care of the area's
load increase, while system frequency and tie-line flow have returned
to their original values (Point B in the curves), The above control
action was a completely satisfactory operation,

Consider the reaction when a load increase takes place in Area
Y. Precisely the same reaction will occur but the resultant increased
generation from Area X's FF controlled machines will result in an
increased flow over the tie-line to satisfy Area Y's increased demand.
This is contrary to the accepted philosophy that after the initial
reaction each system should cater for its own load changes. FF control,

then, as applied here is unsatisfactory.

~Flat Frequency - Flat Tie Line Control - Figure 11 illustrates the

reaction of interconnected systems to load changes imposed when one
"end of the tie-line is FF controlled and the other-end FTL controlled.
For the sake of the illustration it is assumed that the FF controller
in X responds and carries out its action befqre the FTL controller in
Y makes any move, This is a:pessimistic assumption, perhaps, but it

enables a clearer picture to be presented of t}}e‘proc‘esso
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VI - BIAS - THE IMPOSED SUPPLEMENTARY REGULATION (Fig. 13)

It has been shown in the preceding section that only TLB con-
trol on correct bias (KR) is capable of preventing redundant supplementary
control action for external power disturbances. Becauss of changing load
and generation conditions on a system it would be impracticable to ful-
i1l Equation (13), Ky =|N|, for even a small proportion of the time,
Purther,equipment outages, due to maintenance, etc., of the load-frequency
controls, it may be necessary to operate an interconnected system with a
combination of FF, FTL, and TLB modes. For these reasons it is desirable
to investigate quantitatively the imposed effects of the load-frequency
controls on frequency, tie-line flows andvgeneration caused by incorrect
bias values,

In Reference 16, an analysis of imposed deviations is carried
out based upon percent deviation from the natural deviations. This analy-
sis, on the other hand, develops equations for the maximum deviations and
indicates whether they are natural or imposed. In a like manner to
Reference 16, however, neither incremental line losses nor transient
effects are considered. Time intervals comparable to regulator reaction
plus generation follow-up, i.e., seconds of time, are applicable. It will
be shown in Chapter III that the results so obtained are reasonably accurate.

Throughout this section a two area (X & Y) interconnection is
EOnsidered. A power disturbance occurs in Area Y and it is assumed that

Area X's LFC regulator completes its action before that in Area Y commences.

Effects on System Freguency.

For an interconnected system, the natural combined character-

istic, Npgp, is given by
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stable or unstable condition,

From Appendix B(ii),
' ¢

Afg _ [(vy - KX)][1- (N, + N ' . (54)
Ap [(Ny + Ky)) + | | '

Note that for FTL control in Area X (Ky=0), and FF control in Area Y,

(Kigw), Equation (51) becomes

TEl- X ' e (53)
Aty . N

Note also that for K, = || and/or Ky=[y
Afps 0 - (55)

Area X (FF) - Area Y (FTL) Contro

By similar reasoning to that contained in Equation (52) above,

IAPTBi - .1] t |
lim e - B ' (56)

t —>co

fo

where #PTB 1s the imposed tie-line flow deviation.

APTB] is the following imposed tie~line flow deviation
caused by controller overshoot

Equation (56) defines the stability tendenc); of the supplementary controls

for Area X (FF) and Area ¥ (FTL).,

From Appendix B(iii) and Figure 16(b),

AP | | - ‘
ﬂ:& , — (57)
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TLB/TLB Control for Ky sNy and Ky <Ny

From Appendix B(iv) and Figure 16(c),

Ky + Nvi Ny + Ny Ny —
‘ _X..H 1l- ( X . ) (NY - Ky) 1l - T (58)
APpg _ L X ] X + Ny (Ky + Ny

AP7R (KY + Nx)

I.:'OI"' KX =<0 gnd KY = O,

APppy _ Ny '
T "% , (57)

and for Ky =1NX]and/or Ky =|NYL

APrp1 _
AP

- - - (59)

TLB/TLB Control for Kx< Ny andtKY<:Ny (Figure 17)

If Ky< Ny, then from Equation (54), Afgy will be negative in-
dicating that it is in the same direction as Afp. The action is one of
oscillation about the scheduled tie-line flow value until the correct

point of operation, Point O, is reached.

TIB/TLB Control for Kx>Ny and Ky>Ny (Figure 17)

By similar reasoning, if Ky>Ny, then from Equation (58),
APpgy will be negative indicating that it is in the same direction as APpg.
The action in one of oscillation about the scheduled system frequency

value until the correct point of operation, Point O, is reached.

The above two TLB arrangements are generally undesirable as

the control recovery process tends to be vague and lengthy. In the
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VII - SUPPLEMENTARY CONTROLLERS (Fig. 18)

It was mentioned on p. 15 in Section IV that the term Tie-Line
Bias as employed herein would designate that class of controller which
functions in accordance with both tie-line flow and frequency deviations

from schedule, In other words, the equation

APp + KA = O (12)

is continuously being solved By the TLB controller, The binomial,

(APT-+ KAf) constitutes the error signal and defines the amount of gener=
ation by which the area is deficient in or has an excess of relative to its
load at frequency, fp = 1.0 peu, For this reason the binomial is termed
the "Area Requirement®, In most literature on the subject, the error
binomial is written in terms of an equivalent frequency error, i.e.,

(of + APp/K).

In order that the error signal be reduced to zero in accordance
with Eguation (12) a means of integrating the error signal must be
accomplished somewhere in the supplementary control process (See Appendix C),
A number of different solutions to the problem of utilizing the error
signal have evolved of which three are by far the most popular, 18,19,20

These are:

1, Indirect Regulation with a Non-Integrating Network Regulator (Method B,

Ref. 20, p. 9). This.method is known as Tie~Line Bias control and involves
the measurement of (Af 4 APp/K) at some appropriate location from which

it is telemetered to the units under supplementary control., Integration
is carried out by the governor speeder motors which effect changes in rege

ulated generation proportional to the error binomial,



in aresa this
zethed of contrel on the area generation under LFC is given in iransfer
funciion form {Refer to Figure 18a) vy
= - oo 97 2 (603"
LTZGSRPGO‘SE I_TBS/GSR + 1 .
whereg Tp = Integrating time coefficient of the speéder motors
- T3 = Characteristic time of LFC regulated machine governors
5 =4/ds
GSR = Steady-state speed regulation of LFC regulated
gene”“u¢om
Fap = Nominal rating of all area connected generation
ParO inal ratlng of all area LFC connected generation
It is assumed that all units under load-frequency control are of
the same type, i.¢., that Ty, Ty gnd Ggr are the same for &1l units,
It is to be noted that as integration is carried out by each
speeder motor, load transfers between units would probably occur., Load

equalizing facilities are therefo
the

re required for these units under LFC, If

units are located in different stations, telemetering of the equalizing

information would have to be provided, .
2. Indirect Regulation with an Integratine Network Resulastor — The unit
¢
vlaced under the control o{/ﬁéf + APp/K) gt (Method Ca,

LIERARY

PN
%

45 roB%
s

(o]




(Refer to Figure 18b) is given by

icient of the LFC regulator,

1ls are as defined with respect

Note: Equation (61) is applicable to mechanical governors with speeder

motors. For electric governors, T2 = 0, S

If proportional action (See Appendix C) is employed in addition to integral
action, in the LEC regulator, Equation (61) becomes,

1 1

P 7
A = e ! ’ .= (62)
AL+ APR/K 11 L RPGQ 5 + 11 TBS/GSn + 1]

vhere M = Proportional sensitivity.

With Method 2, the LFC regulator carries out the only inte-

gration process for all machines involved., As a consequence no load equal-

B

is recuired so that the machines under LFC can be located’

practicelly anywhere on the system without imposing.complicated telemeter-

g
s

See Ref., 20, p. 15, last equation
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3. Indirect Regmulation with an Integrating Network Regulator - The

o

deviation of rower oubrut from each unit under IFC is placed under the

O

I~

T .
control of [(Af + ﬁ?m/h) dt. (Method Cb, Ref, 20, p. 17, and Refs, 21 & 22).

‘/o

This method is known as Load-Phase Tie-Line Energy control and is similar
to Method 2 above in that both measurement and integration are carried
out at the load-frequency controller. In the designation Load-Phase
ie-Line Energy, "“Load® refers to the power supplied by the units, while
“Phase” and "Tie-Line Energy" are the integrals of frequency and tie-line
power flow respectively in accordance withdé?ﬁf +ASPT/K) dt. The in-~
tegrated error signal is, like Method 2, telemetered to the units under LFC.
The appropriate transfer function applicable to this control
method (Refer to Figure 18c) is given by

A PGRo ,i - 1 (63)3

and in Proportional-Integral form,

APG - M&' 1 +1 pG‘RO
AL + APp/K BE

[ 1 | — 6l

This method of control, like Method 2 above, requires no load
equalizing equipment, It does differ from Method 2, however, in that the
feedback signal proportional to the IFC regulated generation output would
tend to vary tﬁe output of this generation during times of power distur-
bances external to the area considered. In other words, participation

of the IFC regulated output is not determined solely in accordance with

% See Ref. 20, p. 18, 3rd equation.
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Equation (12) but is dependent also on the deviation from the scheduled
output of the LFC regulated machines. This would have the effect of
reducing GCR’ the generation/frequency characteristic of the units under
IFC and therefore would reduce the natural combined characteristic of
the area.

To summarize:-

(2) Method 1 involves a simpler load-frequency controller but
requires léad equalizing equipment betweén units under supplementary
centrol, This method does not lend itself to proportional-integral control.

(b) Methods 2 and 3 are capable of proportional-integral control
and do not require load equalizing equipment. Units anywhere on the
system can be selected for supplementary regulation with a minimum of
telemetering.

(e)Method 2 appears to offer a higher quality of control than
Method 3 because it eliminates the power output feedback loop,. thereby
maintaining the value of Ggxr (and therefore Gpx) during external dis-
turbances.

(d) For given response rates of the controllers, speeder motors
and turbine governors, a greater proportion of generation under supplementary
regulation will speed up the LFC process., For Methods 1 and 2, a smaller

- governor droop will likewise produce a more rapid response to LFC,

(e) Proportional control can be beneficial provided there is
suitably rapid, responsive generation available for control, This would
of course involve thermal and/or hydraulic considerations of the units
involved, <3524 Placing inherently rapid-responding thermal units under
proportional control and slower, larger hydraulic units under integral

control has proven to be perhaps the best combination,2?




SN LT T e
{ Y ({
\’\»w*}z . AN U

SPC
SCHED.
SERVO

C EeO-

HEPCO
SCHED.
SERVO

4

/" SCHED.
' )JSET POT

SPC
TIE
SERVO

TR

4

TLB

FREQUENCY
LiMIT
SERVO

ALARM <——

A

HEPCO

W S0
L. S

TO HEPCO
DISPATCH

TT

v T TIE TR
SERVO

AREA
REQUIREMENT
RECORDER

FREQUENCY

—
SERVO

FREQUENCY|
RECORDER

7T —

C

TC

AW

AA
! /oA

/
/A
ONTARIO TIE

R

1T

AREA
REQ ' MENT
SERVO

TO SPC
DISPATCH

TTa

oy

&

FREQ. SET POT(

TC BIAS

A A

SASKATCHEWAN 7 \
TIE

I
i

LEGEND

FREQUENCY
POT

AREA

REQ'MENT
LIMITS

> ALARM

A

ALARM =—

GENERATION

AREA

CONTROL
SERVO

EXISTING
UNIT
CONTROL

A

TT

LIMITS
SERVO

&

FREQUENCY CONTROL

~UNITS

EQUIPMENT

TC| I _ i
7] THERMAL CONVERTER FF — FLAT FREQUENCY CONTROL LOAD
TT o ) A e e N - . ,

'] TELEMETER  TRANSMITTER FTL — FLAT TIE-LINE CONTROL

M.H. LOAD DISPATCH OFFICE

[Fie. 2

N REF 28}

TR teipMETER  RECEIVER TLB — TIE LINE BIAS CONTROL
e &




CHLPTER IT

QUENGY CONTROLS AS APPLIED BY MANITOBA HYDRO <0

b

2

vart of the study will concern itself with the opera-

ablonal principles of Manitoba Hydro's load-frequency conuro"*so The

ods employed to embody the theories presented in Chapter .l are

-~ The SPC, MH and HEPCO LFC cculpmeuts ar

or TLB control so that frequency and tie-

line fiow inTormation must be made aveilable on a continuous basis,

course avallable throughout the system so it
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ransport the tie~line flows from the ties
themselves into the equipment in the three control centres. The SPC
and HEPCO tie~line flo&s are metered at the Brandon and Seven Sisters
veﬁerating Stations of the MH respectively. From these points, the

megawatt flow guantities are telemetered to each of the two parties

Schedule and Comparison Circuits - As indicated above, each

]
4
ct
oy
®
)

several MH telemeter recelvers convert the varlable frequency

transmission channels back to mllllvolts° These are

tie-line electronic bridge servo-mechanisms. A

1 based upon the position of the schedule set potentiometer

positions the schedule servos, The oubtputs from the tie-line and schedule
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‘he schedule flo

W (a

by the load dispatchers) and
Jine flow (telemetered in from the actual tie-lines)
ere alsplayed upon a two-pen strip chart
By reference to Figure
tie-line flow

19, it

recorder for each tie-line
1Q
schedules can be set ind

will be obs

C

erved

that the
dividually,

on arising when net

operat

+
g
&

h 5.

This avoids the
eviation is employed, the

interchange instead of the actual
me empl

48]

ved is readily expandable to cater
dditional ties to existing inter-
error signals from t}

u
Tl 5

ment sServo
=3 el

he two or more tie~line
lgebraically combined before being fed into the
, thus
e~1ire

autometically providing the net overall
grror correction, al

The above measurements and comparisons would

¢ necessary information for the Flat Tie-Line (FTL) control

dule and Comparison Circu

! [
its — Tie Line Bias - (Fig. 20) .
in a simlilar fashion to.the above, frequency error is measured
by comparing the frequency set point value to that actually appearing on
the system, This procedure would permit aﬁ error signal to be proﬁided
in accordaence with the Flat Frequency (FF) qonﬁrol mode,
For Tie-Line Bias (TLB) operation both the above
Je raically,
be modified an

erroxr signals
The value of the frequency error signal may
lativ

ve to that of the tie-line error signal
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by which the latter is ¥biased®, It is evident

TLB represents a value of power

deviation per frecuency deviation, It will be seen from the fFreq. Bias®

o o

jale) tention

hat the frequency deviation error signal may

¢ adjusted in megnitude to give suitable “h/b 1 cycle values.

For a bilas setting that corresponds to the natural

it may be seen from Figure 20 how TLB

tion determines whether a disturbance on the 1nterconn80ued

system is exiernal or internal to the area in which the conurol is

located, The error signal, derived either with reference to tie-line
eviation, "freguency deviation, or both, is passed on to the %irea Require~

servo which interprets in accordance with the fore: olng whether the
P

HME area is deficient in or has an excess of generation and passes the
correcting signal on (by means of high speed telemeters) to the control

equipment at Seven Sisters Generating Station., The latter provides the

iset or MlLowerh signals to the governor synchronizing motors
¢ne generator units under control, Adjustable "High® and "Low" limit
alarms fed from a retransmitting slidewire of the Area Requirement servo
provide annunciation for unusual disturbances, An HArea Requirement“

recorder provides a continuous check as to how generation

w
o
bt
Fo
e
[¢3
Y
]
L
b
kg

is mabching load., A return telemeter circuit in the direction Seven

S;uteramuaxrov Load Di spatch Office, measuring the output of the machines

ncer control,verifies continuously that the control action called for by

AL

O

‘Lrea Regulrement® is in fact being carried out,

L -« Supplementary control is applied to four hydraulic
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turbine-driven units at Seven Sisters Generating Station capable of
delivering some 27 mW each, Integral control is derived ig accordance
with M;thod 1 described ir Section VIII of Chaper I, Equation 65 (Fig. 21)
defines the appropriate transfe; function for this typé of control
as applied at Seven Sisters, With the exception of the factor 4 in

the denominator, this function is the same as that given in Equation (60).

AR 1 [_ﬁ‘@_ﬂ' 1 e (65)

The function is divided by h.because with the type of |
equipment employed control impu;ses are routed to only one unit speeder
motor at a time, This means that although the capability of LFC reg-
’ulated generation is some 108 mW, the rate at which it can be applied
‘is dicﬁated by the response of a single unit. The governors of the -
regulated units'at Seven Sistefs are adjustgd to provide good response
consistent with stable operation, (Ref. 28 - particularly Figure 1.)..

. In both the HEPCO and SPC system; load-frequency control - |
equipment. of the proportional - integral type is applied in accordance

’

with Method 2 of Section VIII, Chapter I,




CHAPTER III

O

This chapter outlines the commissioning tests carried out on

+

equipment and where appropriate, the theories
presented in Chapter I are applied to the results obtained, As the
tests were carried out on working power systems during a time of the

ds were heavy it was not possible to carry out all tests

§
&)
N

1L

40 be desirable from a theoretical point of view,
AT the end of this chapter will be found a tabular and graﬁhic
regcord of the significant data. These include:
Fig, 22 - Table of Test Results
‘Fig. 23 - Recorder chart - "System Frequency®, December'7, 1960,
0800-1700 hours.
Fig. 24 - Recorder chart - "Area Requirement", December 7, 1960, -
0800~1700 hours.
Fig. 25 - Recorder chart — "BB-1 Megawatts" (The SPC-MH tie-
line) December 7,+1960, 0800-1700 hours.
Fig. 26 — Recorder chart — MSK~1 Megawatts® (The MH-HEPCO

tie-line) December 7, 1960, 0800-1700 hours.

1T - TESTS AND DISCUSSIONS OF RESULTS

Test 1 ~ Normal Operation of the LFC s

a) System normal,
b) Set MI tie-line bias value to 1% of present generation.

c) Set SPC bias value to 25% of SPC present generation.



e) Place all LFY suirnent in service on TLB and adjust frequency

schedules to match,

g) Line BB-1, set 10 mv MH to SPC,

Line 3K-1, set' +10 mW {out) from present import setting.
(in) from presenf import setting.
Line SK-1l, return to normal setting.

N e Ty = . PR
k) Line BB-l, return to zero setting.

bias set & 3.3% (mex.) of present generation and SPC bias
at 1% of its present generation set BB-1 at +10 mW and SK~1 at -25 mil,
Note HEPCO bias setting.

m) Compare the two sets of charts obtained with respect to the different

1

bias settings. There should be no significant differences,

Discussion of Test 1 Results

Prior to the commencement of Test 1, the three systems were

synchronized without load-freguency controls applied. This resulted in

]
slight wenderings on some of the charts which, of course, was to be expect-
ed. This condition was allowed to exi;t for approxiﬁately twenty minutes,
Ap licztion of the load-frequency controls on &ll three systems, employing
the tie~iline bias mode, brought condltlons back to schedules

Ais will be seen from Figures 23-26 the results obtained after
the application of controls were generally satisfactory. Tﬁe deviations
of the two tie-lines and system frequency from the respective scheduled

values were not excessive and represented normal controller reactions for

the system capacities involved.



For Part (1) of the test, 20 mi/0.1 cycle bias (3.3% MH
generation at the time) was employed on the MH controller and 1% on

that of the SFC. The 3.3% value was used as it represented the maxi~

mum setoing on the MH controller, thereby giving an indication of
conalticns expected with the highest possible bias setting., As might

teining during the test, no significant differences due to imposed reg-

apparent with the different blas settings. It will be seen

b) Set BB-1 zero power flow, SPC, MH and HEPCO all on TLB control.

¢} Using a generator unit at Seven Sisters drop quickly 20 mW generation

d) Check instantanecous contributions from the SPC and HEPCO,
e) SPC and HEPCO are to check on the control signals (®Raise® or $tLowertt)
to units under LFC and adjust bias to suit. Repeat (c) above,

until satisfactory bias settings are secured, i.e. no "Raise' or ®Lower™

impulses received at the controlled units,
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Noteg:~ Controlling units will decrease or increase generation on
Trequency in accordance with their respective speed
droop curves in a similar manner to all other units, On a

change of frequency due to a disturbance in another province,
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units under LFC should not receive supplementary regulation

mrulses from LFC) if the bias value is correct.

its ~ A series of imposed generation changes
irst in the MH system to permit the SPC and

orrect bias settings and then in the HEPCO

The above may be examined with respect to the deviation equa-
tions contained in Section VI of Chapter I and checked with results
i

in Fig. 22. The maxdmum deviation 1s calculated in each case whether

LN ] AP LI 3
1T 0e navural or 1mposed.

Jax. Freguency Deviation - dcuatlor (20),

~Af = D

T T

where D = 20 nW
Kepp = SDC bizs value,
-

Nomr & NHEP = MH and HEPCO natural combined characteristics
determined by power changes in HEPCO and MH

respectlvely.
Therefore N
-Ay = 20 = 0,130 cycle (decrease)
10(5 + 6.1 + k.3)
From Fig., 22 the average of Afp for the three tests, where

Kspe = 5 mi/0.1 cycle, is 0,103 cycle. . -

¥low Deviation — Equation (28)

{Note: that the natural deviation is used here because SPC's bias setting

was Low and would tend to reduce.APm)
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AT = DN

{20) = 1.0 = 8.1 m{Y (increase)
1+ 4.3) 17.4

From Fig. 22, the average value for the three tests where

(spp = 5 mil/0.1 cycle is 9.7 m¥,

As minute-to-minute fluctuations in frequency and tie-line
flow (Fig. 23 & 25) are at least some 0,02 cycle and 2 mlW respectively,

the above results are considered satisfactory,

Max, Load Change - Equations (8) & (28)

“(spe) ~ (.0042)(230) = 1 mi/0.1 cycle.
where 230 mi = SPC load at time of test.

DL
-8, = i
(I{SPC + NIJ’}I + NHEP)

(1) (20) = 20 =1,3 md (decrease)
(5.0 + 6,1 + 4.3) 13.k

Max, SPC Generation Change - Equation (33)

D{Ngpe ~ Lgpc)
Npop

il

APa(spe)

20 (7-1) = 120 = 6,9 mW (increase)
(7 + 6.1 + 4.3)  17.4

Control Stability - If an operating condition existed such that the HEPCO

tie-line were open, the SPC on FIL, and MH on FF, then from Equation (53)



= 7  (i.e., an unstable tendency)
601 ’ .
Under these power-frequency conditions a bias value applied in accordance

with Equation (54) would give the boundary condition for a stable

(Ngpe + Mygp)] _
(BE * Nspe)]

E\:SPC = USPC - NE‘M )
2
=7 -~ 6,1 = 0,45 mW/0.,1 cycles
2
or solving =0),
- Nspo

7= 6¢ﬂ - 7 = 94 /0.1 cycles

A bias value greater than 0.45 ﬁW/O,l cycle applied in SFC

(M2 on FF) or a bias value less than 94 mW/0.1 cycle in MH (SPC on FIL)

ot

would result in more stable conditions,

T mas

G Toss of Tie-~Lines

-3
[

(R
{

The object of the tests under this heading was to prove the

protective cut-out features of the controls. If a tie-line carrying
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2 scrheduled load of say 20 mil is tripped for any reason, the tie-line

could not, of course, remain on schedule (if other than O flow).

wever, would atbempt to bring the tie-line on schedule - &n

o avoid this situation, the telemeter trans-

antity 1nvoTvcd (at Brandon) is
fT'.Y

tripped by an auxiliary contact on the tripped line circuit breaker. The

er in the dispatch office is equipped with a relaj which

trips on loss of signal. Contacts of this relay trip out the comparison

circuits of the tie-line in question thereby avoiding the existence of

-

and unworkeble error signal, It will be apparent from the test results

+hat the desired action was obtalned,

jon

The tie-line flow and frequency deviations recorded serve
711 checks on the bias values as determined under Test 2. ‘For the

a frequency deviation of 0.25 cycles was recorded on the

igeparated’t SPC system. As the SPC lost 20 mW because of the trip-out,

20/2.5 = & md/0.1 cycle -

(& mi determined in Test 2)

For the SK-1 trip-out, a frequency deviation of 0.48 cycles
was recorded on the separated® HEPCO system. The appropriate bias

value would therefore be

18/4.8 = 3.8 mi/0.1 cycle

(4.3 mi determined in Test 2)
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| The value of 18 mW is used in the above calculation because
~at the moment of trip-out 18 mW was effectively being carried by the

o~

4
tie-line,

Tests 4 & 5

As these tests concern protective equipment checks rather

than operational tests they are omitted from consideration here.

‘Test 6 - Operation Under Different Types of Control

A ~ MH and HEPCO on TLB; SPC on FF

(a) Set SK-1 - normal interchange,
Set BB~-l1 - O mW, |
(b) Change SPC LFC to FF from TiB.
(c) Note that no unusual changes take place on the steady-state of
the three interconnected systems,' . ‘
(d) Increase frequency setting on SPC LFC to 60.1 cycles (from 60,0 cycles)
(e) Note that A | .
i) Frequency will increase approximately 60.1 cycles.
ii) SPC will export about 10 mW, . |
iii) MH will export (to HEPCO) about 5 mW,
iv) Steady-state is reached under the above coﬁditions;

(f) Set SPC frequency setting to 59.95 and note the .results,

"B - MH and HEPCO on TLB; SPC on FTL

(a) Set SK-1 - normal interchange.
(b) Set BB-1 - 20 mW to MH. |
(c) Set SPC LFC to FIL.

(4a) Increase generation quickly with one unit at. Seven Sisters using
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gate limit (20 mW). : .
Note: Although frequency goes above 60,0 cycles, SPC will increase
¢ generaﬁion to keep tie~line load constant, This action
aggravates the situation and tends to hold the frequencj high -
_ longer than necessary. |
(e) Decrease generation quickly with one unit at Seven Sisters using
gate limit (20 mi). |
Note: Although the system frequency drops, SPC reduces generation
‘to keep the tie-line loa&~flow on schedule. This action
aggravates‘the situation and tends t; lold the frequency

down longer than necessary.,

Discussion of Test 6 Results:

A - Increasing the frequency set point on the SPC LFC above that as set
on those of the MH and HEPCO is analagous in effect to a sustained
increase of generation in the SPC, If the MH and the HEPCO are on
their correct bias values, they will provide no corrective action
but wait for the SPC to bring conditions back to normal. As a
steady-state was reached at 60,10 cycles during the tesi, it can be
assumed that correct values of bias were applied in the MH and HEPCO.'
Incorrect bias values would have undoubtedly given rise to hunting of
the MH and HEPCO controllers. Appropriate reéults were obtained 1ik§-
wise when the SPC lowered their frequency set point.'

On studying the results of the test, it appears that perhaps
not enough time was allowed to lapse in order.to observe whether or
not a true steady-state Was in fact reached., The results are en-

couraging and certainly indicative if perhaps a little optimistic.
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B - The tests did prove that FTL operation on one (SPC) controller did
in fact tend to hold frequency up (or down) longef than would be
thé case for TLB operation throughout. This:is clearly showh’
by comparing the results of Test 2(f) with 6B (d) and (e). The
former using TLB throughout is markedly faster than the latter
in implementing the restoration of frequency and tie-line values

to schedule,

Test 7 - To Demonstrate‘thevEffect of the Opening of the One End of

the Tie-Line That is Not Connected to Trip Off LFC |
| On Line BB-1l, should the line trip at the Brandon end only,
the MH and SPC BB~l tie-line servo equipment would be tripped out in
accordance with Test 3 above, However, if the line opens at the Bound-
ary Dam end only, the telemeter signals cannot be tripped.as the tie-~
line metering is done at Brandon. The‘LFC equipment, in such circumstances
will attempt to correct for the load and frequency deviations due to the "
open line,
(a) MH LFC on TLB,
(b) SPC LFC on FTL. -
(c¢) SK-1 - normal interchange with HEPCOion TLB,
- (d) BB-1 - set 10 mW to SFC.
' (e) Trip line open at Boundary Dam,
Note: MH plus HEPCO frequency will go to approximately 60.1 cycles
and remain steady. SFC freqﬁency will drop to approximately
5999 cycles and because of FTL operation its contfoller will
continue to decrease generation and lower frequency further '

until the controller is tripped. '
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Discussion of Test 7 Results

As line faults almost invariably involve the clearing of both

ends of the tie-iine, corqgct freezing of the controls will be accom-~
plished according to Test 3. If, however, the circuit breaker at the

end of the line not containing the metering or telemeﬁering (eeges
Boundary Dam end of BB-1), trips without the Brandon end clearing, the
-LFC equipment will attempt to correct for thevfact that the open line is
not, obviously, on schedule.

| In the test carried out, MH exported 10 mW to the SPC. The
line was tripped at Boundary Dam so that a zero flow telemeter signal
a was received at both the SPC and the MH'controllers. The MH and the
HEPCO, operating on TLB, presumed the disturbance was "remote!, and took
no action. Thé SPC on the other hand being on FTL‘was faced with what
looked like an excess in generaﬁion being influenced only by the decreased
import of power (FTL). No amount of genefation decrease satisfied the
impossible situation., The SPC control was finally tripped to FF. Use
by the SPC of either TIB or FF control would have prevented the de-
generative condition from occurring in these c¢ircumstances. :

This test serves to illustr;te how particular operating condi-' .

tions and LFC modes can provide a combination which produces ﬁndesirable

results,




TABLE OF RESULTS

FOR

MISSIONING TESTS ON LOAD-FREQUENCY CONTROLS

CAPACITY UNDER LFC (&0) |

i ARBA REQ'T. | TIE LINE BIAS  SYSTEM LOAD ()
TEST FREQUENCY BB () &KL () () Mi/.1 CYCLE SPC  MHEB  HEPCO, SPC MHEB  HEPCO
N, TEST SET  DEI. SET DBV, SET  DEV, | RAISE LOWER| SPEC MHEB HEPCO | (THERMAL) (HYDRO) (HYDRO)' TIINE REMARKS
1 fg BBl Set 10 M4 to MHEB 59.9. 4 .01 | =10 £ 1 0 --3 1 5.5 6.1 9.0 230 610 500 66 108 126 | 0958
: g) BBl Set 10 M4 from MHEB 59.9% # o0 fig_g £ 2 0 - & 3 1 n # 5 u zz u # % 1017
' h) | SK1 Set 10 MW from MHEB 59,9 £ .00 | A0 £ 3 A10 0 0 0 i " & g " " " 1 " 1025
(i) SKL Set 10 My to MHEB 59.9 A 0L | A10 0 <10 - 2 2 # ﬁ " i 0 W " “ i 1030
{1} SK1 Set 25 MY to MHEB 59,9, £ .00 | A0 £ 4 25 - 3 5 2.4 20 - " " g ﬂ " " 1046
2 {e) MHEB Drop 20 My 59.98 = .10 O - 11 =30 - 7 REA 3.0 6,1 9.0 230 610 500 66 108 126 1119 | SPC Centroller lowered,
Chid.to Chtd,to Therefore, blas too low,
5.0 6.1 7.0 " f i " i i HEPCO Controller Ralsed,
: Therefore, bias too high,
(¢)  MHHEB Drop 20 M4 59,98 = .12 0 - 11 =30 -7 i9 5.0 6.1 7.0 H " i i " # 1125 | SPC Controller no change.
Chtd.to Therefore, corrsct bias.
5,0 6.1 4.0 | HEPCO Cortroller raised, -
Therefore, blas toe high.
{c¢) | MHEB Drop 20 M4 59,98 - .08 0 - 7 =30 - 6 16 5.0 6.1 4.0 u H B i # i 1131 | SPC & HEPCO Combrollers no
significant changes. ‘
: Therefore, correct blases,
{(£) | HEPCO Drop 20 M4 59.98 - .11 0 -1 0 £17 L 5,0 6.1 L3 % . 550 0 v " 1341 | MHER Comtroller lowered.
Chtd.to Ch'd, to Therefors, blas too low,
{£) | HEPCO Drop 20 MJ 59,986 - .11 0 - 9 0 A5 0 0 7.0 10.0 4.3 a " " B " # 1349 | MHEB Cortroller raised and
' : lowsred. Blas was left at-
this values
% of total gemsration
SPC -~ 3%
%ﬁﬁﬁ had ioé%
i . ] E‘E?GQ had Qegg
3 (e)| BBl £ 20 7 Trip 60,00 £ .26 | #f20 - 20 0 41 26 7.0 10,0 4.3 230 610 54L0 | 66 108 126 | 1404 | SPC Frequensy Dev. = .25
. {e)] SsK1 £ 20 MY Trip 60.0L £ .17 0 419 | #20 -18 26 | 7.0 10,0 4.3 i " n " n n 1421 | HEPCO Frequency Dev, = .48
‘ Faulty relay operation in 3
servo in LDO LFC. Rectifisy
- replaced and test repeated
| successfully.
L {e) & (n) Freesing of appropriate comtrols satisfactorily obtained. _
5 {e) Freezing of appropriate combrols satisfactorily obtained and combrol passed to Seven Sisters on Flat Frequersy. o
éa ﬁg SPC - TLB te FF Ho significant changs. 5.0 10.0 4.3 230 610 540 66 108 126
e)| SPC Freg., 60.00 to 60,10 | 60,00 £ .10 0 =21 o £ 71 10 u n H C n u L " i 14,5
: £)| SPC Freg., 60.10 to 59.95 60,00 - .08 0 413 0 - 6 7 i i " # # B i # i 1506 .
sga SPC - FF 4o FIL No significant changs. No. 2 Unit Selkirk G.S. on.
d)| MHEB Incr. 20 MY 60,00 £ .09 0 £ 9 0 £ 9 16 " " # # " " i # i 1525 ‘
(o) MMEB Dsor. 20 M/ 60,00 = 08| 0 -11 0 - 7, 2 u " " %@ n " H " n 1531
7 (e)| BBL # 10 M Trip 60.00 £ .06 10 =10 £ 4 5 5.0 10,0 4.3 230 60 540| 66 108 126 1 1542
at Boundary Dam
1600 | Test repeated bubt Branden
Circuit Breaker also trippe
thereby putting SPC on FF

ne

Jamary 18, 1961
kiifde

ering & Construction Division

direstly and tripping out

; MHER BBl Servo,
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CHAPTER IV

SUMMARY AND CONCLUSIONS

-~

1 ~ Disparity of Actual and Theoretical Area Governlng Characteristics -
' Actual systems behave like systems that are smaller than

the area composite governor speed droop settings would suggest, The
ratio of actuai to theoretical is usually betwsen O.14 and 0,42, or
in terms of Gg, between 0,0067 and 0,02 p,u., spinning capacity per
tenth cycle, \

In tests on the SPC - MH - HEPCO power interconnection,
power/frequency characteristics obtained for the three areas confirmed
these Values‘and were as followsse

SPG - 0,020 pou, spinning capacity /0.1 cycle — 100% thermal
MH - 0,011 p.u. spinning capacity /0.1l cycle = 90% hydraulic
HEPCO - 0,007 pou. spinning capacity /0.1 cycle - 100% hydraullc
| These values effectively represent the natural combined
characteristics of the respective areas (N) and therefore contain
the load characteristics, They are therefore a liﬁtle larger than the
respective GC values, | .

The disparity between the actual and theoretical values is
due to governor dead-bands, generating units with blocked governors and
non-linearities in the unit goverhing characteristics, Further to the
last factor, it is customary to operate hydraulic units at or near
maximum output which would be on the flattened portion at the top of
the gate opening/power output curve, This undoubtedly contributes
toward the proportionately smaller response to frequency deviations of

the MH and HEPCO predominatly and totally'hydraulic systems respectively




O~
[0

characteristic,

2 = The load Characteristic -

The average typical load characteristic is positive (load
increases with frequency) and has a value of approximately 0.0042/mi/0.1
cycle (Bquation (8)). It therefore assists regulation by absorbing
power on increases of system frequency and requires less power oﬁ de-
creases of frequency. On a typical modern system with a natural com-
bined characteristic of 0,015 p.u. spinning capacity/0.1 cycle, and a
spinning reserve of 0.10 p.u. spinning capacity, the load would contribute

L0002 (.9) = 25%
.015

of the areat's power deficiency or absorb 25% of the area's power excess.

3 - The Desirable Operating Mode - Bias Settings

Tie-Line bias operation with bias settings that equal the res-
pective prevailing area natural combined characteristics is the preferred
mode of operation. As this condition.bannot hope to be fulfilled for
even a small percentage of the time due to ever-changing conditions on
the system, it is recommended that:-

(a) If a given area represents a major proportion of the spinning
capacity of an interconnection its bias should be adjusted to a value
which will always be either equal to or slightly greater than its own
prevailing natural combined characteristic, This will avoid excessive

system frequency deviations at the expense of only slightly increased
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tie-line flow deviations and will assist the other smaller area in its
rEecovery.

(b) If the given- area represents & small proportion of the
interconnected spinning capacity, then by anélogous reasoning a bias
value equal to or slightly less than its prevailing natural combined
characteristic should bé empiloyed., This will avoid excessive demands
on its controlled generation associated with the higher bias valges.

For any chosen bias setting, the imposed effects on frequency,
tie-line flows and generation may be checked by the equations contained
in Table I, The quality of control can then be checked by means of
the stability eguations contained in Section VII of Chapter I.

It is generally undesirable to operate two interconnected
areas with bias values that both either exceed or are less than the
respective natural combined characteristics., Vague and lengthy regu-
lator follow-up will be associated with these conditions. In the
ultimate, with either FF/FF or FTL/FTL control, regulation of tie-line
flows or system frequency, respectively, is impossible.,

In any area, controlled generation with enough capacity should

be available to fulfill the demands of both local and remote disturbances

imposed by the severest operating mode likely to be employed.

L. Supplementary Controllers -

In order to gain the real benefits of interconnected operation,
fast-responding, stable control operation and generation follow-up are
mandatory., Reduction of the various time constants involved in the
control process can reaiize these aims. From Section VIII in Chapter I

it can be concluded that proportional-integral control, applied to a large
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amount of generation, low values of governor droop, and the use of

electric governors would all enhance interconnected operation,
-4

-

5 « Future Investigations =

Although much work has been done in the study of the control
of interconnected pdwer systems areas for further investigations might
include:~
(é) The application of Proportional-Integral-Differential action to
load—frequéncy controls to further improve regulator action.

(b) The best utilization of thermal and hydraulic generation in the
load-freéuency control process.

(c) Closer association of the normal unit governors with the supplementary
controllers, Eiectric governors would appear té be advant;geous in this
regard.

(d) Methods of integrating load-frequency controls intd automatic,

economic system load dispatch;
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TERIVATION OF-THE STABILITY EQUATIONS
(Based upon the effects of bias sebtings
and natural combined characteristics of
a two-area interconnection),

In the derivations which follow, it will be assumed that
Area X completes its control action and generation follow-up before
that in Area Y commences, after which Area ¥ will be assumed to com-
plete its changes, and so on.

I

iy

o)
or 2°IBL 4

where AIB"AP”B = The initial imposed frequency and tie-
line flow, deviations respectively

owing

ol
-line flow deviztions respectively
caused by controller overshoot

Afpy, APppy = Tb Lov imposed frequency and
ti €

P"‘ H:

a stable tendency is indicated.

(1) Area X (FTL) — Area Y (FF) (Figure™15)

Now

Lfg=_D ‘ (22)

To(Ny)

and from Figure 15,

Ny



pAN o7 N
o4 L A
QfB NY

T1B/TLB Control for KyZNy and Ky> N, (Figure 16 (a))

Ly = D

and from Figure 16(a),

Afgy = AfB(NY + Ng) - D~ Afpo(lly + Ny)
(Ny + Ky)

From Bquation (24)

Afpy = AfB(NX - Ky) - Afpp (Ny + Ny)
. - 'd
(l\.Y I\X)

and

therefore

Ny + Ny )]

2 (i - Ky)) %_
Afy Ny + Ky)| |

(iii) Area X (FF) - Area B (FTL) (Figure 16(Db))

- (& + Iiy)]

Recall

(53)

(24)

(54)

(25)

73



o
[Nl

/‘\p oy

—TB1 _ Ny

== (57)
Ny

{iv) TIB/TIB Control for X 5Ny and Ky <Ny (Figure 16(c))

APps = KX D (L)

(X, + NY)

s
and from Figure 16{c)

Ky + Ny

where

Afpg = __ D
KX + NY

therefore,
Afgy =D = Dy + Ny))|

l\
b
1)

l

LPrmy = Afps (Ny - KY) - Afp, Ny
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where

and

WP K., + NI Ve + N N
AN TR =fKX }Y]l‘l _ (L'X Y)‘ (NY _ KY) 1 - , ;\E ]’"’._ (58)
APrg | Ky [ (g v+ i) [ x * Ny
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PROPORTIONAL-INTEGRAL CONTROL

Integral Control (Reset or Sustained Control) - This control mode is

giver by the eguation

T,/

i

where ¥ = Manipulated variable

-4

+3

1 = ntegral time
E = Error signal (e.g., (Zﬁf'+«QPT/K»

Q; = Constant of integration

Upon differentiation

]

e

i

This type of control provides a manipulated variable which is
changed at a rate which is proportional to the error. When there is no
error signal (on schedule) there is no control action forthcoming
thereby providing automatic reset action., Integral action is shoun

in the sketch below,

i\ ?
ILoad E ‘ Generation
E) (¥)

Integral Control
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Proportional Control (or Fringe Control) - This control mode is given

by the equation

where Y and £ are as defined above

bt
4

1 = Proportiocnal sensitivity

. ' Q2 = Constant
Upon differentiation

This type of control provides a manipulated variable which is
changed at a rate which is proportional to the rate of change of the
error, There is no control action forthcoming for both conditions of
zero or & constant error. Proportional control, then, although providing
a faster action than integral control does not possess the automatic

reset feature (See sketch below).

]
Load Generation
(E) (¥)

Time —» Time —~

Proportional Control

Proportional-Integral Control - This is a combination of the above two
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modes and is given by the equation

v = M JEdt + ME -+ QB
Bl

This type of control combination provides the fast response

of proportional control with the automatic reset feature of integral

control {See sketch below).

[

Toad
(B)

i
s
S T

Generation ;////~*—~"“"“"”’
(1) |

Time —— Time —s—

Proportional-Integral Control

-

In operational form, proportional-integral control action is given by

b

=M 1 + 11
L T3S J

where S = d/dt
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