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ABSTRACT

The purpose of this paper is to introduce the concept and the term
"stability control" and to describe planning philosophy and stability
control systems used throughout the Northwest. This paper will consist of
three parts: 1) planning philosophy; 2) design philosophy; and 3)
description of the various stability control systems. It is a snapshot of
control systems as they are today. No attempt is made to cover projected
requirements or extensive design details since both are constantly changing.

One point is clear, stability control is here to stay and cannot be
considered an expedient to meet unusual short term power system requirements.






1.0 INTRODUCTION

This paper assumes that the reader is familiar with the Pacific Northwest
power system. However, a simplified one-line of the BPA system is shown in
Figure 10 for reference purposes only.

Throughout the Pacific Northwest there exists a complex group of control
systems used to maintain stability. This network consists of schemes for
generator dropping, load dropping, braking resistor control, out-of-step
tripping and blocking, dc line control and series capacitor switching.
These schemes are called stability control and respond as a result of the
loss of key lines of generation or high magnitude faults near large
generating plants. A block diagram of these systems is shown in Figure 1.

2.0 STABILITY CONTROL PHILOSOPHY

Almost all planning decisions to some extent influence the ability of a
power system to survive disturbances without disruption to customer load.
The choice among alternate transmission paths, voltage classes and location
of switching stations all have an important bearing on the reliability of a
developing system. At an early level in the planning process many power
flow and transient stability simulations are run to insure that invested
dollars result in the most reliable and versatile system possible.
Stability control designs are favored having the broadest scope of
application and simplicity in concept and implementation.

2.1 RELIABILITY CRITERIA

Standards have been established concerning the ability of the power system
to withstand disturbances without adverse consequences. These are known as
system reliability criteria. Transmission planning is oriented to meet
these criteria for any plan of service adopted. As a starting point,
certain steady-state conditions must be met. For example, outage of a
single circuit or transformer bank must not result in overloads requiring
curtailment of any firm power load. Transient stability criteria must also
be met. It is usually in meeting these criteria that stability control
requirements develop. Transient stability involves consideration of time
varying system swings initiated by a disturbance. These swings can result
in cascading outages if left unchecked.

The Disturbance-Performance Tables 1 and 2, summarize important aspects of
the Western System Coordinating Council (WSCC) Reliability Criteria which
are applicable to interconnected system transient stability. These criteria
set the limits of the effects that disturbances on one system can have on
another. Cooperative effort is an important element in making best use of
available stability control schemes. Each member system within the WSCC may
also apply local reliability criteria as appropriate.

Probably the most common transient stability criterion is concerned with
first contingency line faults ranging from line-ground to three-phase.
These faults, when properly cleared should not result in area separation or
regional disruption. Another important criterion applies to faults with a
second circuit initially out of service. In this case, dropping of
interruptable load is permitted if the system is not readjusted after loss
of the first line.



As better statistical data becomes available, probability methods will begin
to augment the present reliability criteria. The probability of occurrence
of each foreseeable disturbance condition may be evaluated together with the
consequences of no control. Planners may justifiably cover low probability
events with broader backup control measures in many cases, such as
controlled islanding.

2.2 THE PLANNING PROCESS

New stability control requirements normally develop as a result of; 1)
generation additions, 2) transmission changes and 3) a change in loading
pattern. Before a new generation unit is ordered, many decisions must be
made concerning its speed of response and the type of regulating equipment
used. These decisions have an important bearing on system stability.
Likewise, when new transmission is planned, decisions must be made as to the
type and speed of relaying and circuit breakers to be used. Good choices at
this time will be an asset to system reliability for many years to come.

New loading patterns may require a change in stability controls even when
there is no other change in the system. In the past, most simulation
studies were based on heavy load power flow conditions. With interconnected
operation it was found that light load conditions can result in poor
stability due to reduced voltage support with fewer generating units on
line. 1In recent years new scheduling arrangements have resulted in heavy
import conditions during early morning hours. This has required
implementation of load tripping schemes.

The two most important tools of the planner are computer simulations and
day-to~day system operating experience. Computer simulations (power flow,
transient stability and others) allow the planner to evaluate various
disturbances, the effect of control measures and make decisions affecting
future system performance. Daily power system operating response provides
important data which can be used to improve the accuracy of the simulation
program models. With the improving capabilities of new computer systems, it
will be possible to perform a more comprehensive analysis of the power
system than ever before.

The planner must choose from various alternatives based upon future system
expectations. Each addition (such as a circuit breaker or a line) may
include ample margin to meet future requirements. This is valid when a good
degree of certainty exists in future projected additions. Alternatively,
such expenses can be deferred until future additions are more certain. At
that time stability controls must be provided to make the new addition
compatible with a less conservatively designed system. 1In either case, the
same degree of reliability is achieved but by different means.

2.2.1 New Additions

New generation and transmission line additions allow for a variety of
stability control options which afford a direct and effective way of
improving system stability. It is important that these options be
identified early and included as part of the design specifications. When
more than one utility is involved this requires mutual cooperation to cover
all interests. A checklist of some of the options is given:



Generation

A.  Excitation system speed of response and ceiling voltage (Ref. 12)
B. Generator inertia and transient reactance (Ref. 12)
C. response
D. sustained fast valving (Ref. 9-10, 16-17)
E. Power system stabilizer type (Ref. 5)
F. Subsynchronous resonance control measures, if required. (Usually
associated with series compensated lines and thermal plants).
G. Generator dropping
Generator Transformer
A. Division among generators
B. Reactance
C. Neutral braking resistor (Ref. 10)
Transmission
A. Overhead ground wires (Ref. 18)
B. PCB interrupting time (Ref. 11)
C. Protective relaying
ER High speed (or ultra high speed)
b.  Single-pole relaying (Ref. 18, 19)
c. Reclosing
D. Series or shunt compensation (Ref. 14-15)
E. Controlled separation
F. Fault current limiter
G. Phase rotation in special cases
H. Fast ramping or modulation for HVDC lines (Ref. 1-3)

New or Existing Substation:

A.

B.

Ui

Shunt dynamic braking by resistor or storage device (Ref. 6-7)

Shunt compensation



C. Special load tripping or under frequency load shedding (Ref 20-21)

Some design philosophy and specific examples of stability control schemes
now in use in the BPA.

3.0 STABILITY CONTROL PHILOSOPHY

The purpose of all stability control schemes is the same. These schemes all
seek to achieve an electrically stable match between generation, load and
transmission capability after some occurrence has caused the power system to
move from or oscillate about its present operating point. In situations
where a single new operating point is not possible, stability controls are
used to island the power system into independent networks each of which has
a match among generation, load and transmission capability.

3.1 GENERATOR DROPPING

There are generator dropping schemes at nearly every major source of
generation within the Northwest. These schemes have as their objective, the
reduction of generation to levels which can maintain system stability after
loss of some significant transmission capability. Sudden loss of a major
tie will result in other ties attempting to pick up load to compensate for
the lost transmission capability. This may lead to out-of-step conditions
between regions and subsequent total electrical separation of the regions.
Generator dropping is used either to prevent overfrequency in a region that
has been islanded, or to alleviate tie lirne loads which may lead to
out—of-step conditions. Out-of-step conditions can occur when ties are too
weak to handle increased loads caused by system disturbances. Generator
dropping is a principle means of preventing the cascading loss of
interconnections for sudden loss of key lines.

3.2 INDUSTRIAL LOAD TRIPPING

The purpose of the load tripping scheme is to quickly trip interruptible
industrial load for loss of generation or interties under import conditions,
thus preventing system separation and a serious freguency decline. A
frequency decline may lead to conditions causing loss of additional
generation and a regional blackout . It is important to realize that load
tripping and underfrequency load shedding are two different things.

Under frequency load shedding will be discussed separately. During heavy
import, the Northwest is generation deficient. 1In this situation up to 2700
MW of industrial lecad is dropped in less than 300 ms for the loss of an
intertie or large generator. This arrests the freguency decline and puts
the system back into a condition where a new generation-load match may be
established. Loss of additional generation due to generating plant

under frequency relays or out-of-gtep conditions on other interties is thus
avoided. Examples of events which operate the load tripping scheme when the
Northwest is in a heavy import situation are:

A. Loss of selected generation plants such as Trojan.
B. loss of key interties,

C. Failure to fast ramp. (See following section)



Industrial load tripping, because it curtails only interruptible load, is
the first level of defense for loss of major generation and transmission
capability when the Northwest is importing heavily.

3.3 FAST RAMPING OF HVDC INTERTIE

Fast power ramping of the HVDCB /B Intertie is used to compensate for

sudden loss of transmission on the Northwest-Southwest AC Interties during
import conditions. Assuming that schedules do not regire maximum power
transfer North on both the ac and dc interties, a margin of as much as

720 MA may be left on the dc intertie. Sudden loss of the ac intertie while
importing heavily initiates a fast power ramp (up to 720 MW in 300 ms) on
the DC Intertie. This can partially compensate for loss of the ac
transmission capability. The function of HVDC fast ramping is basically one
of reducing loading on remaining ac transmission capability as soon as
possible. Fast ramping is used to reduce and in some circumstances,
eliminate the need for industrial load tripping. The obvious limitation on
fast ramping is that it is not available when the HVDC Intertie is scheduled
near its maximum loading. As such, the scheme requires backup in the form
of load tripping for times when no ramp margin is available or when there is
a failure to ramp. A fast ramp failure sensing scheme is in service which
senses a failure to complete a 720 MW ramp within 300 milliseconds and
initiates industrial load tripping for this contingency.

3.4 UNDERFREQUENCY LOAD SHEDDING

This scheme is basically the second level of defense against a serious
frequency decline which could lead to loss of thermal plants by

under frequency protection. System frequency decline must be arrested before
major thermal generation trips in order to prevent total system collapse.

As with industrial load tripping, loss of a major intertie or source of
generation under heavy import conditions may lead to a serious frequency
drop. 1If the industrial load tripping fails or is insufficient to maintain
intersystem stability, the PNW system will island. The island system may be
considerably generation deficient under some import conditions, resulting in
additional frequency decline. BPA and other Northwest utilities are
completing installation of underfrequency relaying on both industrial and
residential loads designed to arrest frequency decline above the frequencies
at which major thermal generation is lost, and reestablish normal system
frequency to facilitate reconnection of interties. Operation of the

under frequency load shedding scheme is a serious measure which leads to some
localized loss of both industrial and residential load. Therefore, it is
designed as a second level of protection, after direct load tripping (See
Paragraph 3.2).



3.5 DYNAMIC BRAKING

BPA's 1400 MW dynamic brakef at Chief Joseph Substation is used to provide
immediate response to transient events. The energy absorbed by the brake
reduces accelerating power due to severe system faults on the main
transmission grid. When the fault is momentary, and reclosing is
successful, an application of the dynamic brake alone is often sufficient to
allow the system to ride through the swing without danger of out-of-step
conditions. For cases involving loss of transmission capacity generator
dropping is also required in order avoid out-of-step conditions on critical
interties.

There is also a dynamic braking resistor at the G. M. Schrum hydro project
in Canada consisting of three separately controlled 200 MW units. These
units are used to reduce accelerating power at Schrum for faults in that
area. Again the objective is to prevent ocut-of-step conditions and
consequent separation of Schrum from the Northwest power system due to
transient disturbances.

3.6 HIGH SPEED CAPACITOR SWITCHING

The Pacific Northwest—Southwest AC IntertieN is 75% series compensated.
Approximately 25% compensation (1/3 of the total) is high speed switchable.
For situations where additional synchronizing capacity on the AC Intertie is
suddenly required, high speed capacitor switching offers an immediate
solution. The switching of additional compensation immediately reduces the
effective impedance between the Northwest and Southwest and decreases the
steady state load angle. This technique is used to avoid out-of-step
conditions on the ac intertie. High speed capacitors are switched for
sudden loss of intertie transmission capacity and for marginally stable
power swings on the Northwest-Southwest AC Intertie.

3.7 HVDC MODULATION

This system 20 CPM uses the controllability of the HVDC intertieC to damp

20 CPM interarea oscillations which are normally present on the HVAC Pacific
Nor thwest-Southwest AC Intertie. This system provides a modulating signal
to the dc control system which is proportional to rate of change of ac
intertie power.

3.8 OUT-OF-STEP DETECTION

When the capacity of a transmission line is no longer sufficient to maintain
synchronism between the electric networks it connects, then an out-of-step
condition will occur on that line. As the two connected networks swing
against each other, the apparent impednace at the electrical center of the
swing changes dramatically. Out-cf-step detection systems sense these
impedance changes because the apparent impedance changes for faults occur
instantaneously. They can be distinguished from system swings. Detection
of a system swing can be used for several purposes. It may be used to
initiate some action to arrest the swing, to block operation or protective
relays or to initiate a separation of systems at predetermined locations.



4.0 STABILITY QONTROL SYSTEMS

With the above background on planning and design philosophy, consider now
the operation of representative stability control systems used throughout
the Northwest. This is an attempt to give an overall view of the stability
control systems used and their importance in the overall operation of the
WSCC.

4.1 GENERATOR DROPPING

Generator dropping is perhaps the most complex of the stability controls.
One of seven systems in service is shown in Figure 2. This system is
associated with the Northwest-Southwest AC Intertie. The basic requirements
for operation of this system are: The AC and DC Interties must be exporting
(power flow South); the ac intertie must be loaded above approximately 500
MW; both ac intertie lines must be lost: or the DC Intertie must be lost.
Loss of the ac intertie is detected at Grizzly and Malin on the BPA system,
and at Round Mountain, Table Mountain, Vaca-Dixon, and Tesla on the PG&E
system. Loss of the ac intertie by the ocut-of-step tripping relay also
initiates generator dropping.

Note that there are two options for dropping generation for loss of the dc:
drop generators at The Dalles, or drop generation at Chief Joseph (via
Grizzly). A separate channel from Celilo to Grizzly switches ac intertie
series capacitors for loss of 800 MW on the dc line.

Loss~of-line data is collected at Grizzly and, depending on actual ac
intertie loading, generators are tripped at John Day, Wanapum, Wells, Rocky
Reach, Chief Joseph and/or Grand Coulee third power plant. The amount of
generation dropped is roughly one MW for each MW of ac intertie load lost,
up to a maximum of 2500 MA. Generator dropping at Chief Joseph or Grand
Coulee or both is an operating option depending on intertie loading and
availability of machines at either plant.

Control circuits are also provided to Four Corners to open the back side of
the loop, and to Dittmer to suspend Automatic Generation Control, and to
Round Mountain and Malin to signal that the ac intertie is open. Specific
intertie line sections are also opened for voltage control.

Other, but less complex, generator dropping schemes are given in Figure 3.
With the exception of the NW-SW AC and DC Intertie oriented schemes,
generator dropping deals with fairly localized problems. For example, the
loss of one of two lines out of Libby (unsuccessful reclose) requires
dropping of Libby units to avoid out-of-step on the remaining line. Similar
situations exist for the Lower Snake, McNary and Boundary.

Because of its huge size, Grand Coulee is a unique case. Faults on 500 kV
lines near Coulee, such as Coulee-Hanford and Coulee-Raver, require dropping
one unit at the Coulee third power plant and brake insertion to avoid
loosing the ac intertie on out-of-step.



4.2 IMPORT CONTINGENCY LOAD TRIPPING SYSTEM

The converse of generator dropping is load tripping. The import contingency
load tripping is in service only when the NW is importing. For the loss of
a key generating plant, such as Trojan or loss of key intertie lines, load
must be dropped. Figure 4 shows basic details of the import contingency
load tripping system. Note that the data fed to Grizzly and Malin is
essentially the same as for generator dropping.

Additional data relating loss of BC Hydro Generation at Mica or Schrum and
from the BC Hydro Intertie at Custer is fed to the Dittmer Control Center.
This information is detected by power change (AP) relays at Mica,
Williston, and Custer. At Dittmer, the data is combined with data from an
out-of-step relay at Hot Springs and SCRAM from Trojan. The out-of-step
relay at Hot Springs is used only to detect power swings on the Hot
Springs-Anaconda and Hot Springs-Ovando lines. It neither blocks nor trips
anything locally. A single load trip control signal is sent from Dittmer to
Grizzly, where load tripping to 10 aluminum plants is initiated.

An optional feature of the load tripping system is the use of fast ramp of
the HVDC Intertie. This feature is broken out of Figure 4 and shown
separately in Figure 5. Fast ramp may be used instead of load tripping with
obvious advantages. When the ac intertie is lost, the import on the dc line
is increased 720 MW thereby counteracting the loss of the ac intertie. If
the fast ramp fails, a signal is sent back to Grizzly to initiate load
tripping.

4.3 BRAKING RESISTOR CONTROLS

One of the most effective ways of damping power swings on a large ac network
is to apply damping in the form of a very large resistor. Traditionally the
problem in controlling braking resistors has been detecting faults over a
large area of the power system. BPA has successfully detected these faults
by means of power rate controllers installed at Chief Joseph and John Day
(See Figure 7). When the power output from either of these plants suddenly
decreases by 475 MW and is accompanied by undervoltage, a major system fault
is assumed, and the braking resistor is applied for approximately 0.5
second. Loss of key lines out of Grand Coulee or Hanford also apply the
brake. An additional power rate controller is planned for Vantage to detect
power changes from Wanapum.

Although the use of a braking resistor is a very effective stability control
tool, its use is questionable near large thermal plants because of shaft
torque problems (See reference 24).

4.4 SERIES CAPACITOR SWITCHING SCHEMES

The series capacitor switching system has undergone numerous changes since
the ac intertie was first energized. These changes illustrate the need to
constantly review and update the stability control systems as the power
system changes.



This system, shown in Figure 6, increases the series compensation on the
John Day-Grizzly, and Grizzly-Malin (ac intertie) lines by 25% for two
conditions. The first is the loss of one pole of the dc line. This
condition is sensed by ( A P) relays at the Celilo Converter Station. The
second condition is a marginally stable swing on the ac intertie which is
detected by operation of the outer and middle units of the out-of-step
tripping relay at Malin (85 ohms). Out-of-step capacitor switching is
blocked by multiphase faults near Grand Coulee or John Day or the loss of an
ac intertie line section.

4.5 OUT OF STEP TRIPPING

Of all stability control systems, out-of-step tripping/blocking is the
closest to protective relaying. Out-of-step (00S) blocking has for many
years been included as a part of line protective relay systems.

When an unstable power swing occurs between two large systems, such as the

Northwest and the Southwest, the two systems must be separated. Separation
must occur quickly to prevent further islanding within the two systems and

to minimize the possibility of damage to the power circuit breaker (s) which
sever the two systems.

For an acceptable risk of damage to the PCB, the angle between the voltage
of the two systems, at the instant of opening, should not exceed 120
degrees. Allowing margin for operating time, this angle can be translated
into an ohmic reach of an 00S relay to initiate tripping.

Stability studies have shown that Malin is close to the impedance center
between Northwest and Southwest and is therefore an ideal location for the
Q0S system.

Once an out-of-step condition is detected all PCB's from John Day to Round
Mountain are tripped to distribute the out-of-step stress among many PCB's
and to avoid overvoltages caused by long, unloaded 500 kV lines. The
out-of-step system is shown in Figure 8.

5.0 SUMMARY

It is obvious that the details shown above are greatly simplified. As was
pointed out earlier, generator dropping associated with the ac intertie,
load dropping, series capacitor switching, dc line control, and ocut-of-step
are all interfaced to utilize common microwave control channels and logic
whenever possible. This of course adds to complexity and requires
considerable manual (operator and dispatcher) input to configure the overall
stability control in conformance with system conditions.

Some idea of the complexity of the integrated stability control systems
associated with the AC and DC Interties is shown in Figure 9. The braking
resistor control, and the smaller generator dropping schemes (items 2
through 7) shown in Figure 3 are not included.



It is likely that many direct trip event oriented controls will be needed in
the future. These will be complemented by systems covering broader classes
of disturbances to provide improved overall coverage. Further coordination
of control strategies may be expected. At the same time, use of digital
processors together with improved hardward will allow more flexibility in
quickly adapting schemes to changing needs.

4.2

1.

10.

11.

12.
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TABLE 1 WESTERN SYSTEMS COORDINATION COUNCIL
DISTURBANCE-PERFORMANCE

3-@ Fault]
W/ Normal
No Clearing
Disturbance - | Fault or 3-f Fault W/Normal Clearing
Slg Fauly
W/Stuck
Breaker
One Generator
Prior System Normal |[Normal Out One Line Out
Condition System Not System | Not
i Readjust] Readjust |Readjust [Readjust
Elements Lost or Faulted |’
1. Load A A A A A A
2. Transformers A . A A A A B
3. Line A A A A B C
4. Generator A A A B A C
5. Bus Section . B I B B C C
6. Two Generators C C C D C D
7. Two Lines C C C D C D
8. All Lines on Right-of-Way : D D D D D D
9. Entire Substation D D D D D D
10. Entire Plant Including z’
Switchyard D I D D D D D I
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TABLE 2 PERFORMANCE LEVELS

Allowable Conditions or Actions Performance Level (2)

On Interconnected Systems (1) A B | C D

Remedial Action No As permitted| below
Dropping of Interruptible Load No Yes Yes Yes

Gen. Dropping or Equivalent
Reduction of Energy Input No Yes Yes Yes
to the System i |

Controlled Opening of Inter- g |
connections and/or Other Lines / %
Including System Islanding and No = No . VYes  Yes
Attendant Underfrequency Load | ‘ ? :
Dropping if Required

Controlled Dropping of Firm Load No No @ No Yes

Sub Islanding and Generation | No No @ No | Yes
Separation may occur |

Post Disturbance Loadings and E : . ;
Voltages Outside of Emergency /No @ No ¢ No . Yes

H

Limits Pirior to Readjustment i é i i

(1) Action or conditions on systems other than one on which disturbance occurred.

(2) A "Yes" indicates the action or condition is permitted in simulation testing to
meet the performance level if required to prevent cascading. A "No" indicates
that the action or condition is not allowed.







GENERATOR DROP SYSTEMS

NW - SW INTERTIE
( LOSS OF THE AC INTERTIE )

GRAND COULEE
( LCSS OF KEY LINES OUT OF COULEE
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LOWER SNAKE
( LOSS OF KEY LINES)

BOUNDARY
( LOSS OF KEY LINES)

LIBBY
( LOSS OF KEY LINES)

CELILO — THE DALLES
(LOSS OF DC)

MCNARY
( LOSS OF KEY LINES )

FIGURE 3



IMPORT CONTINGENCY
LOAD TRIPPING SYSTEM

AP FROM
MICA
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TOTAL LOAD DROP -2700 MW

IN SERVICE FOR POWER FLOW NORTH

FIGURE 4



HvDC MODULATION
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(INCREASE) FAILURE
720 MW
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IN SERVICE FOR POWER FLOW NORTH

FIGURE 5



SERIES CAPACITOR SWITCHING
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BRAKING RESISTOR

CONTROL
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CHIEF JO | : BRAKE
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FIGURE 8
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