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A utomatic control systems are used extensively in power systems. Local controls  
are employed at turbine-generator units and at selected voltage-controlled 
buses. Central controls are employed at area control centers.

Figure 12.1 shows two basic controls of a steam turbine-generator: the voltage 
regulator and turbine-governor. The voltage regulator adjusts the power output of  
the generator exciter in order to control the magnitude of generator terminal voltage Vt.  
When a reference voltage Vref is raised (or lowered), the output voltage Vr of  the 

ISO New 
England’s  
state-of-the-art 
control center 
helps to ensure 
the reliable 
operation of New 
England’s bulk 
power generation 
and transmission 
system 
(Photograph  
© Adam Laipson)

12 Power System Controls
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regulator increases (or decreases) the exciter voltage Efd applied to the generator field 
winding, which in turn acts to increase (or decrease) Vt. Also a voltage transformer 
and rectifier monitor Vt, which is used as a feedback signal in the voltage regulator. 
If  Vt, decreases, the voltage regulator increases Vr to increase Efd, which in turn acts 
to increase Vt.

The turbine-governor shown in Figure 12.1 adjusts the steam valve position 
to control the mechanical power output pm of the turbine. When a reference power 
level pref is raised (or lowered), the governor moves the steam valve in the open (or 
close) direction to increase (or decrease) pm. The governor also monitors rotor speed 
vm, which is used as a feedback signal to control the balance between pm and the 
electrical power output pe of the generator. Neglecting losses, if  pm is greater than pe, 
vm increases, the governor moves the steam valve in the close direction to reduce pm. 
Similarly, if  pm is less than pe, vm decreases, the governor moves the valve in the open 
direction.

In addition to voltage regulators at generator buses, equipment is used to con-
trol voltage magnitudes at other selected buses. Tap-changing transformers, switched 
capacitor banks, and static var systems can be automatically regulated for rapid volt-
age control.

Central controls also play an important role in modern power systems. Today’s 
systems are composed of interconnected areas, where each area has its own control 

FIGURE 12.1

Voltage regulator and turbine-governor controls for a steam-turbine generator
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center. There are many advantages to interconnections. For example, interconnected 
areas can share their reserve power to handle anticipated load peaks and unantici-
pated generator outages. Interconnected areas can also tolerate larger load changes 
with smaller frequency deviations than an isolated area.

Figure 12.2 shows how a typical area meets its daily load cycle. The base 
load is carried by base-loaded generators running at 100% of  their rating for  
24 hours. Nuclear units and large fossil-fuel units are typically base-loaded. The 
variable part of  the load is carried by units that are controlled from the central 
control center. Medium-sized fossil-fuel units and hydro units are used for con-
trol. During peak load hours, smaller, less efficient units such as gas-turbine or 
diesel-generating units are employed. Renewable generators, such as wind and 
solar, are usually operated to maximize their outputs for the given wind or solar 
conditions since their “fuel” is essentially free. In addition, generators operat-
ing at partial output (with spinning reserve) and standby generators provide a  
reserve margin.

The central control center monitors information including area frequency, gen-
erating unit outputs, and tie-line power flows to interconnected areas. This informa-
tion is used by automatic load-frequency control (LFC) in order to maintain area 
frequency at its scheduled value (60 Hz) and net tie-line power flow out of the area 
at its scheduled value. Raise and lower reference power signals are dispatched to the 
turbine-governors of controlled units.

This chapter covers automatic controls employed in power systems under nor-
mal operation. Sections 12.1 and 12.2 describe the operation of the two generator 
controls: voltage regulator and turbine-governor, and load-frequency control is dis-
cussed in Section 12.3.

FIGURE 12.2

Daily load cycle
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CASE STUDY
Beginning at 4:10 p.m Eastern Daylight Time on August 14, 2003, an enor-
mous power disruption resulted in the loss of power to approximately 50 mil-
lion people across the eastern Great Lakes region, the northeastern United 
States, and parts of eastern Canada. It took more than 24 hours to restore 
substantial load. The following article provides a restoration summary and 
reviews the challenges that had to be overcome to restore power [15]. A 
general pattern for sound restoration is inferred from the restoration process.

No Light in August: Power System  
Restoration Following the 2003  

North American Blackout
E.H. Allen, R.B. Stuart, and T.E. Wiedman

On 14 August 2003, three 345-kV 
transmission circuits in northeastern 
Ohio contacted overgrown trees dur-
ing a 40-minute time span, starting 
a chain of events that culminated 
in the collapse of the electrical grid 
across the eastern Great Lakes 
region, the northeastern United 
States, and parts of eastern Canada. 
In the aftermath of the disturbance, 
large portions of the Eastern Inter-
connection were blacked out, and 
several electrical islands were pres-
ent. System operators faced a for-
midable task: to reassemble the grid 
and restore power to tens of millions 
of customers. The challenges that 
had to be overcome varied signifi-
cantly from one state or province to 
another. New York, New England, 

Ontario, Michigan, and Ohio each 
had unique problems that operators 
had to address.

New York
Faced with a system restoration task, 
the priorities of the New York Inde-
pendent System Operator (NYISO) 
restoration plan were to: (1) stabilize  
the remaining system, (2) extend the 
stabilized system into blacked-out 
areas for generation and load restora-
tion, (3) connect energized islands to 
the stabilized system for restoration 
of frequency and voltage control, and 
(4) restore normal transmission oper-
ations. In keeping with the restoration  
plan, the highest priority operations 
were to: (1) energize the New York 
state power system, (2) synchronize 
the New York state power system 
with the Eastern Interconnection, 
and (3) restore off-site power to nu-
clear plants in New York. The opera-
tors first had to assess the state of the  
system and determine what was still 

© 2014 IEEE. Reprinted, with permission, 
from E. H. Allen, R.B. Stuart and T.E. 
Wiedman, “No Light in August: Power 
System Restoration Following the 2003 North 
American Blackout,” IEEE Power Engineering 
Magazine, January/February 2014, pp. 24–33.
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energized. They found that New 
York had split electrically into two 
pieces, with the southeast part of  the 
state blacked out and upstate New 
York remaining as an electrical is-
land but with greatly reduced load 
and generation. Of  the 28,700 MW 
of  load in the New York control 
area just prior to the disturbance, 
only 5700 MW remained. Figure 1  
is a representation of  the New York 
power system in the following se-
quence of  events.

An early step taken was the 
initiation of black-start procedures 
at the Gilboa pumped-storage plant 

in east-central New York (Figure 1).  
Two Gilboa units (250 MW each) were 
started at 4:27 p.m., but they could 
not be synchronized to the remain-
ing power system until after 7:05 p.m.  
(when the Marcy–New Scotland  
345-kV line was reclosed) due to ex-
cessive voltage disparity between the 
Gilboa and Fraser substations. Long 
Island Power Authority (LIPA) be-
gan restoring the Long Island system 
independently of NYISO, using gas 
turbines to energize the local system 
and pick up load.

After finding that the remain-
ing system was an island, operators  

Niagara

Dunkirk

South Ripley

NEW YORK

Marcy

New Scotland
Gilboa

Leeds

Buchanan
East View

Sprain Brook

Branchburg

Linden

PENNSYLVANIA Ramapo

Figure 1 � A representation of the New York Power System (green lines indicate 765 kV, 
orange lines indicate 500 kV, and red lines indicate 345 kV)
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concluded that in order to restore 
transmission circuits, they would 
need to restore load at the same time 
so as to prevent excessively high 
voltage. In order to restore load, 
however, they would need additional 
generation to serve the additional 
load and keep frequency under 
control. In order to bring generation 
online, the voltage and frequency in 
the New York island would need to 
be stable. Resynchronization of the 
island to the Eastern Interconnection 
therefore became the top priority for 
NYISO operators in order to achieve 
the restoration goals.

An initial attempt to synchro-
nize the upstate New York island to the 
Eastern Interconnection at 6:02 p.m. 
by closing the Branchburg-Ramapo  
500-kV circuit failed because the fre-
quency difference between the two 
systems was too large. Interestingly, 
the synchronization was actually 
achieved without operators’ knowl-
edge at 6:52 p.m., as an automatic re-
closing scheme on the South Ripley– 
Dunkirk 230-kV line at the far west-
ern end of the island detected that 
the two systems had come close 
enough in phase angle and voltage 
to permit a reclosing attempt, and 
the reclosing attempt was successful.  
When operators again attempted to re-
close the Branchburg-Ramapo 500-kV  
circuit at 7:06 p.m., it was thus dis-
covered that the two systems were  
already synchronized. The Branchburg- 
Ramapo 500-kV circuit was then suc-
cessfully reclosed, providing a second,  
stronger transmission path for syn-
chronizing the upstate New York 
island and stabilizing the frequency 

of the energized portion of the New 
York transmission system.

After resynchronization with 
the Eastern Interconnection was 
achieved, the energized system was 
extended into the New York City 
metropolitan area by a progressive 
reenergization of  the 345-kV network 
from north to south. The Sprain 
Brook substation in Westchester 
County was energized at 7:56 p.m. 
from Ramapo via the Buchanan and 
Eastview stations. By 9:50 p.m., a 
second 345-kV transmission path 
from New Scotland down the east 
side of  the Hudson River through 
Leeds to Sprain Brook had been 
restored, although the two trans-
mission paths were not connected 
at Sprain Brook until 12:08 a.m. on 
August 15. A transmission path from 
New Jersey into Brooklyn and Staten 
Island was energized at 11:00 p.m.; 
this path also provided a connec-
tion for East Coast Power’s Linden 
plant. A 345-kV path from Sprain 
Brook into the West 13th Street sta-
tion in Manhattan was energized at 
4:08 a.m. The LIPA system, which 
had been restored independently of  
NYISO, was synchronized with the 
rest of  New York and the Eastern  
Interconnection at 5:12 a.m.

New England was resynchro-
nized with New York and the East-
ern Interconnection at 1:53 a.m. 
This resynchronization could not be 
accomplished until after the paral-
leling operation at Sprain Brook was 
completed to stabilize the voltage 
in eastern New York. New England 
provided substantial emergency 
power (up to 600 MW) throughout 
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the remainder of the restoration. 
Restoration of generation, load, and 
additional transmission continued 
throughout the evening of August 15.  
By order of the U.S. Department 
of Energy, the Cross-Sound Cable 
was energized at 12:26 p.m., carry-
ing 100 MW of emergency flow. This  
dc link between Connecticut and 
Long Island had been constructed 
but had not yet been authorized to 
begin operation.

By 12 a.m. on August 15, 40% 
of New York load had been restored, 
and 60% of the New York load was 
restored by 4 a.m. on that day. Because 
the morning load pickup exceeded  
the capability of the partially restored 
system, the Emergency Demand 
Response Program, which calls for 
voluntary load reduction, was invoked 
at 8:59 a.m. When this action proved 
insufficient, 300 MW of load west 
of Utica was shed at 9:33 a.m. Area 
control error at the time was –630 MW.  
Half of this load was restored at 
10:02 a.m., and the rest was restored 
at 10:24 a.m. By 10:30 p.m. on August 
15, 100% of New York load had been 
restored.

NYISO found that several les-
sons were learned from the experience:

●● Staff  duties in the event of such 
a calamity needed to be clearly 
defined.

●● Communications needed to be 
improved.

●● A recommendation was made to 
investigate a formal process for 
distributing information to trans-
mission and generator owners.

●● It was concluded that restoration 
training should be expanded.

New England
New England and the Maritimes 
remained intact, as a single island. 
The aggregate flow across the ac ties 
(i.e., excluding dc imports) was very 
small before the event, and the total 
generation loss and load loss during 
the event in these areas were nearly 
identical (around 3100 MW). The 
island was therefore able to remain 
in relatively stable operation. South-
western Connecticut had separated 
along with southeast New York 
and was blacked out, while about  
140 MW in northern Vermont was  
also deenergized, apparently in reac-
tion to oscillations over a 4.5-s interval 
that drove voltage as low as 0.21 p.u.  
A small amount of load had been shed 
by underfrequency load-shedding  
(UFLS) relays that had acted above 
the standard threshold of 59.3 Hz 
for the first stage of UFLS in New 
England. Significant oscillations 
were reported, possibly due to a mis-
alignment of frequency bias with ac-
tual generation frequency response. 
The status of the New England 
system after the event is shown in  
Figure 2.

Voltage was initially high after 
the separation but fell rapidly owing 
to the tripping of capacitors (both 
transmission and distribution) by 
overvoltage protection and a load 
increase over the next 7–10 minutes. 
At 4:16 p.m., all fast-start generation 
was ordered online. Due to flows on 
transmission lines over long-term 
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emergency ratings and low voltages 
that prevented generation synchroni-
zation, CONVEX (a local transmis-
sion operator) ordered 500 MW of 
manual load shedding (400 MW in 
Connecticut and 100 MW in western 
Massachusetts), which was completed 
by 4:40 p.m. Over the next hour and 
10 minutes, 400 MW of generation 
was synchronized to the system. 
The load that had been manually 
shed was restored between 5:42 p.m.  
and 7:28 p.m.

Restoration of power to south-
western Connecticut was an ongoing 
task. Stations were manually staffed in 
southwestern Connecticut. At 9:50 p.m.,  
Danbury, Norwalk, and Stamford 
were reconnected. At 11:23 p.m., the  
Connecticut transmission system was  
restored except for the ties to New 
York and the connections to the 
Middle River substation, which were 
high-pressure, fluid-filled cables. By 

1:35 a.m. on August 15, all distribu-
tion buses at bulk substations were 
energized except for Middle River. 
Restoration efforts in the area were 
complicated by a conductor splice 
failure on the Southington–Frost 
Bridge 345-kV line, which tripped at 
5:44 a.m. Restoration of load was 
halted from 7 a.m. to noon, though no 
additional load shedding was needed. 
Load restoration was completed 
by the evening of August 15. The  
Norwalk-Northport 138-kV cable 
under Long Island Sound was not re-
stored until August 24, however, due 
to the loss of cable insulation pressure.

Several lessons were learned 
from the New England experience:

●● Some generators were not oper-
ating with automatic voltage 
regulators (AVRs) in voltage 
control mode, which hampered 
efforts to maintain stability 
of the islanded system and 
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K6
E205W

393
690
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1,400 MW
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1,385 Cable Cross-Sound Cable DOS
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Total New England Load
Lost: 2,500 MW

Figure 2 The New England power system island
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maintain voltages within emer-
gency limits.

●● It was concluded that opera-
tors should switch from tie line 
bias to flat-frequency automatic  
generation control (AGC ) when 
the system becomes islanded.

●● Generator governor response 
needed to be reviewed.

●● Frequency and voltage match 
criteria for the resynchroni-
zation of islands needed to be 
reviewed.

●● It was found that personnel are 
needed to transcribe critical 
decisions and actions.

●● Communications improvements, 
such as the ability to keep a 
teleconference line between con-
trol centers open continuously, 
were also recommended.

Ontario
In restoring the system in Ontario, the 
first steps taken were to confirm the ex-
tent of the disturbance and to activate 
the Ontario Power System Restoration 
Plan, which includes establishing com-
munications with other control areas, 
transmission owners, and market par-
ticipants. Loads that have top priority 
in the restoration plan include class IV 
ac power to all nuclear sites, critical 
transmission and generation station 
service loads, and critical utility tele-
communication facilities. The next pri-
ority is restoration of customer loads 
as necessary to control voltages and 
secure generators, and the priority that 
follows that one is synchronization of 
islands to each other and to neighbor-
ing power systems.

The Ontario system was com-
pletely blacked out, except for the 
portion of northern Ontario west 
of Wawa, two islands in the vicin-
ity of Niagara and Cornwall (both 
of which were connected to upstate 
New York), and two other small is-
lands (one north of Timmins and the 
other on the Ottawa River near Deep 
River). Transmission was restored 
from Niagara to the Bruce nuclear 
generating station starting at 4:42 p.m.  
The Ontario restoration paths are 
depicted in Figure 3. This path also 
provided potential for restarting the 
Nanticoke units. The three avail-
able Bruce units were restored from  
7:13 p.m. to 9:13 p.m. Restoration con-
tinued toward the Toronto area, Pick-
ering, and Lambton (on the border 
with Michigan). Controlled customer 
(load) restoration took place between 
London and Toronto to balance the 
transmission system. The Ontario 
restoration paths are depicted in  
Figure 3.

Meanwhile, an assessment of 
the Cornwall area was conducted 
between 4:11 p.m. and 5:15 p.m. 
Starting at 5:15 p.m., restoration  
began westward toward Pickering and 
Darlington. At 6:40 p.m., restoration 
of a path from Cornwall to Ottawa 
was begun in order to energize critical 
communication facilities. A Darling-
ton unit was restored at 9:18 p.m. At 
10:37 p.m., a transmission loop was 
completed around Lake Ontario.

Starting from a small remaining 
island, at 7:41 p.m. a path was ener-
gized south to Timmins. Load was 
restored, and the restoration contin-
ued south to Sudbury. This restoration  
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path reached southern Ontario at 
3:43 a.m. on August 15. Northern  
Ontario was resynchronized to the rest 
of the province at Wawa at 5:20 a.m.

Immediately following the dis-
turbance, 11 nuclear units were off-line.  
These units posed a number of spe-
cial challenges. Fully powering down 
these reactors would have left them 
all off-line for several days, owing 
to the complications of restarting 
them. It was difficult, however, to 
maintain them at minimum power 

generation levels for the amount of 
time required to restore the trans-
mission system and provide suitable  
outlets for their power. At Pickering B,  
the pumps in the emergency cooling 
system were unavailable for five and 
a half  hours. In the end, three of 
four units at Bruce and one of four 
units at Darlington were able to come 
back online and support the system 
after several hours, but the remain-
ing units were not available for sev-
eral days. One unit at Bruce required  

Existing Major Hydraulic GS

Existing 500-kV and/or 230-kV
Transformer Station

Existing 230-kV Line Route

F Fossil N Nuclear
Thermal GS (Existing or Under Construction) Existing 500-kV Line Route

500-kV Authorized

Authorized 500-kV and/or
230-kv Transformer Station

LEGEND

Figure 3  Ontario power system restoration paths
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repairs and was out for nine days, 
while one unit at Pickering did not re-
turn until two weeks after the initial 
disturbance. Ontario remained in a 
state of emergency operation for nine 
days because of capacity issues. Some 
parts of Ontario experienced rolling 
blackouts during this time. 

The experience in Ontario pro-
vided a number of lessons learned:

●● The devices in place to protect 
equipment operated as planned.

●● The development and main-
tenance of a documented res-
toration plan, with training and 
rehearsals, were essential invest-
ments of time and money.

●● Close cooperation among 
multiple entities, transmission 
owners and operators, genera-
tion owners and operators, the 
Independent Market Operator 
(now known as the Indepen-
dent Electricity System Oper-
ator), market participants, and 
government, is needed.

●● Communication protocols 
between different control areas 
and reliability coordinators are 
important.

●● Emergency power at key facili-
ties is crucial. A backup diesel 
generator at a Hydro One con-
trol center failed to start. The 
emergency operations center at 
the Canadian Nuclear Safety 
Commission in Ottawa had no 
backup power supply.

Detroit
The restoration effort in metropoli-
tan Detroit was hampered by several  

instances of physical damage to 
equipment as well as a complete 
blackout of much of the area. Essen-
tially, all of metropolitan Detroit and 
southeastern Michigan was blacked 
out, with only the northern part of 
the area known as the Thumb and a 
single connection from the west and 
south still energized.

The basic restoration plan 
started with the energization of the 
120-kV network around Detroit from 
the still-energized grid to the west 
and north, which was synchronized 
with the Eastern Interconnection. 
Meeting this objective was followed 
by energization of the parallel 345-kV  
network. Starting from the north, 
energization was extended to the 
Harbor Beach unit from two 120-kV 
ties to Consumers Energy in central 
Michigan. Energization reached the 
120-kV St. Clair station at 8:15 p.m. 
A stronger tie to Consumers Energy 
was established when the 345-kV 
Hampton-Pontiac line was closed in 
after midnight. The Remer station 
and the Dean power plant were re-
connected at 3:18 a.m. on August 15.  
A 345-kV path from Belle River  
to St. Clair and Jewel was closed at 
4:43 a.m. (see Figure 4).

On the south side, energiza-
tion was extended from the Mon-
roe 345-kV station to Brownstown  
and Fermi between 10:00 p.m. and 
10:30 p.m. At 3 a.m. on August 15, 
a 120-kV connection to the Airport 
substation was energized, enabling 
restoration of critical load. But ac-
cess to River Rouge and other south-
ern generating plants was hampered 
by a fire at an oil refinery at the 
time of the blackout that forced an  
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evacuation of  the area. Extension 
of  energization to the Waterman 
station near downtown Detroit was 
therefore delayed until 8:00 a.m. 
With the closure of  the Blackfoot- 
Madrid 345-kV line at 8:55 a.m. and 
the closure of  the ring bus at Pontiac 
at 9:30 a.m., the 345-kV loop around 
the Detroit metro area was finally 
reestablished. A second 345-kV tie 
to Consumers Energy, the Thetford-
Jewel circuit, was reclosed at 1:38 p.m.  
on August 15.

As restoration continued, De-
troit Edison followed a practice of 
energizing whole distribution centers 
without isolating individual circuits. 
Up to this point, most of the restora-
tion actions were preparatory to re-
storing load. Distribution crews were 
needed as transmission was restored 
in order to balance load against avail-
able generation. Substantial restora-
tion of distribution started at about 
2:30 p.m. on August 15. The res-
toration of the Essex 24-kV station 
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Jewel
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Stephens
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Monroe

Figure 4 � Eastern Michigan power system restoration (orange lines indicate 500 kV, 
red lines indicate 345 kV, and blue lines indicate 230 kV)
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at 5:30 p.m. picked up a significant 
portion of the load in the city of De-
troit. The last of four critical pumps 
for the city’s water and sanitation de-
partment was restored in the evening. 

Detroit Edison conducted in-
spections of transmission lines and 
switchyards over the next several days 
to maintain system reliability. The in-
spections were conducted both by air 
and on the ground, and they were both 
visual and thermal. Storms delayed 
the start of the inspections. Approxi-
mately 1500 mi. of transmission were 
inspected between August 17 and 21.

Several instances of damage 
to generators were reported. Five 
units had failed rupture discs, which 
kept these units unavailable for more 
than 24 hours. Rupture discs are a 
pressure relief  location for the steam 
condenser. They are prone to failure 
when the entire electrical network 
goes down, as a consequent loss of 
circulating water pumps and vacuum 
pumps results in a buildup of pres-
sure in the condenser. The rupture 
discs, however, are designed to fail un-
der stressed conditions and probably 
prevented serious physical damage 
to the units. The availability of spare 
discs so that units could be returned 
to service was an issue; the need 
for so many simultaneous rupture  
disc replacements had not been expe-
rienced previously. One unit suffered 
a loss of control air on the generator 
seal oil system valves, resulting in oil 
in the generator. The output of an-
other unit was limited due to a ground 
in the no load/low load trip switch. 
Another unit had an overheated 
boiler circulating water pumps, which 

needed to be replaced. Finally, one 
unit (River Rouge 3) suffered bear-
ing damage during the event, which 
left the unit out of service for weeks. 
Lessons learned from the restoration 
experience in and around Detroit  
include:

●● The restoration effort was vul-
nerable to Detroit Edison’s 
computerized “in-service appli-
cation” function, used to prior-
itize and dispatch repair crews. 
This function was not operable 
due to the loss of power, forcing 
repair crews to make a number 
of extra trips back to service cen-
ters to pick up new work orders.

●● Practices in maintaining spare 
rupture discs for generators 
were deficient for coping with 
system-wide disturbances and 
hence were changed.

Southern Michigan
The southeastern corner of the Con-
sumers Energy system in southern 
Michigan had also blacked out. After 
the initial disturbance, operators 
received conflicting information about 
the amount of generation. Operators 
believed the Consumers Energy sys-
tem was undergenerating, but the 
high frequency (60.2 Hz) suggested 
the opposite. Operators maintained 
generation levels until the status of 
the system could be ascertained. Res-
toration efforts commenced with an 
emergency page of transmission and 
distribution personnel and a confer-
ence call at 5:15 p.m. on August 14 
to determine initial actions. After  
assessing the state of the transmission 

	 Case Study	 751

32134_ch12_ptg01.indd   751 07/12/15   6:26 pm

Copyright 2017 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights,
some third party content may be suppressed from the eBook and/or eChapter(s). Editorial review has deemed that any suppressed content does not materially
affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



752	 Chapter 12  |  Power System Controls

system and identifying the affected 
area, all of the breakers within that 
area were opened as preparation for 
restoration. The 138-kV network was 
restored by 7:25 p.m. Subsequently, 
the remaining 46-kV lines and cus-
tomer load were restored; this work 
was completed by 10:05 p.m.

The area that was restored was  
fed by three 138-kV lines. One of  
the lines (Leoni-Beecher) tripped at 
10:30 p.m. and did not reclose. The 
power increase on the other two lines 
caused them to trip as well, black-
ing out the area that had just been 
restored. A second restoration com-
menced quickly, bringing the 138-kV 
network back up by 12:55 a.m. on  
August 15 and the 46-kV network, 
with all customer load, by 1:35 a.m. 
A fault location was identified from 
relay data, but a cause for the fault 
was not found at the indicated lo-
cation. The line was given a derated 
capability when it was reclosed at 
11:00 p.m. Because of the limitations 
of the system caused by the derating, 
40 MW of load, served by four 46-kV  
lines, was manually shed between  
7 a.m. and 9:30 a.m. on August 15; 
the lines were restored when a Whit-
ing generator came back online.

The initial attempt to return the 
Campbell 3 unit to service failed due 
to water hammer that developed after 
steam was turned back on. The water 
hammer damaged a number of pip-
ing hangers, delaying the unit’s return 
to service.

Cleveland
The authors could not find any 
publicly available, comprehensive  

reports on the restoration process 
in the Cleveland area. A summary 
of  the restoration in the region of 
the East Central Area Reliability 
Coordination Agreement (ECAR), 
which includes northern Ohio and 
southern Michigan, is provided 
from the ECAR final report dated  
July 7, 2004. In the region, 18,047 MW  
of  load, 18,811 MW of  genera-
tion, and 238 transmission circuits 
were lost. All load was restored by 
9:00 a.m. on August 16. Restora-
tion of  100% of  the load took one 
day and 17 hours. The restoration 
strategy consisted of  restoration 
of  load from energized transmis-
sion lines and the use of  black-start 
units not in black-start mode. These 
gas turbines were capable of  black 
starting but were not used in this 
mode. These units can be started up 
very quickly to help restore load. 
Throughout the restoration, opera-
tors needed to be sure that transfers 
from American Electric Power  
(AEP) to Michigan did not overload 
the FirstEnergy transmission sys-
tem in northern Ohio. Restoration 
of  power to off-site nuclear power 
plant supply and to other generation 
resources off-line as a result of  the 
blackout was a priority. Communi-
cations and fuel supply to critical 
infrastructure were major issues dur-
ing the blackout restoration effort. 
The need to more effectively share 
restoration plans among reliability 
coordinators, transmission opera-
tors, and generation operators was 
identified. ECAR also identified the 
need for additional training and reg-
ular drills for blackout restoration.
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Restoration Summary
The times to restore substantial and 
100% load for the various regions 
affected by the blackout are given in 
Table 1.

Lessons Learned
A general pattern for sound res-
toration can be inferred from these 
examples. Restoration commences by 
first assessing the current state of the 
system. Then a skeletal high-voltage 
network is reassembled, providing a 
cranking path for generation, followed 
by the gradual connection of lower-
voltage facilities and customer load. 
Of course, the process is not quite 
this simple. Some load is needed on 
the system throughout the restoration 
process in order to maintain volt-
age stability; otherwise, voltages be-
come excessively high, to the point of  
potentially damaging equipment. Re-
active devices alone are insufficient 
to regulate voltage on an unloaded 
transmission system. The system is 
vulnerable throughout the process: 
at least one instance was observed 
of a fully restored area collapsing,  

forcing utility personnel to start all 
over again.

The ability to tie to a large in-
terconnection makes the restoration 
process easier and smoother. A large 
interconnection provides very stable 
frequency control and, to a lesser 
extent, voltage control. Maintaining 
voltage and frequency in a smaller 
island is considerably more difficult. 
In several such instances, operators 
found it necessary to manually shed 
load to prevent a complete collapse 
of the remaining system.

Operators must prioritize crit-
ical loads during restoration. Such 
loads, at the bulk power system level, 
include water and sanitation system 
pumps, off-site power for nuclear 
generating stations, and airports.

The old cliché “expect the 
unexpected” is certainly applica-
ble to a system restoration effort. 
Despite the thoughtful development 
of restoration plans, a number of 
unforeseen difficulties arose through-
out the process, including damaged 
generators, the inability to synchronize 
due to excessive voltage disparities, 

State or Province Time to Restore Substantial Load Time to Restore 100% Load

Michigan 8/15/2003 at 5:30 p.m. 8/15/2003, evening
New England 8/15/2003 at 1:35 a.m. 8/15/2003, end of day
New York 8/15/2003 at 4:00 a.m. 8/15/2003 at 10:30 p.m.
Ohio 8/15/2003 at 7:00 a.m. (Cleveland 

water pumps)
8/16/2003 at 7:00 a.m.  

(as reported by ECAR)
Ontario Data not publicly available 8/15/2003, end of day

TABLE  1

Time to restore substantial and 100% load for the various regions affected, as reported in 
publicly available documentation
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and an inability to physically reach 
substations due to industrial hazards 
spawned by the power outage. Com-
munications was cited as an issue in  
nearly all areas; communication sys-
tems need to be able to function in 
the absence of the power grid. Sim-
ilar flaws in emergency plans were 
seen following Hurricane Katrina: 
officials anticipated being able to 
use cellular phones following the 
storm, but many cellular towers were  
inoperable.

To summarize, the lessons 
learned included the following priori-
ties and steps:

●● Improve communications among 
responsible parties and commu-
nication systems.

●● Develop and maintain a restora-
tion plan, and always be prepared 
to “expect the unexpected.”

●● Restoration begins by first 
assessing the current state of 
the system.

●● The next step is to reassemble a 
skeletal high-voltage network.

●● Then a “cranking” path for 
generation must be provided so 
as to assure the system is stable 
and will be restored without 
sustaining excessive voltages.

●● Gradually connect lower volt-
age facilities and customer 
load to maintain voltage stabil-
ity. Reactive devices alone are 
insufficient to regulate voltage 
on an unloaded transmission 
system.

●● The availability of connec-
tion to a large interconnection 

makes frequency control and 
voltage control more stable.

●● Shed load if  need be to main-
tain stability within an island 
being restored.

●● Prioritize critical loads during 
restoration.

Regulatory Recommendations 
and Standards
Most of  the recommendations that 
followed the postmortem analysis of 
the blackout focused on preventing 
a cascading outage as opposed to 
recovering from one. Recommenda-
tion 29 from the U.S.-Canada Power 
System Outage Task Force, how-
ever, was as follows: “Evaluate and 
disseminate lessons learned during 
system restoration.” In the after-
math of  the blackout, the North 
American Electric Reliability Coun-
cil (NERC) developed a number of 
reliability standards to minimize the 
likelihood of  major blackouts and 
mitigate their impact should they  
occur. Two particular standards—
EOP-005-2 and EOP-006-2—address  
system restoration. EOP-005-2 pro-
vides standards regarding the use of 
black-start units to reliably restore 
the system after a blackout. Some 
of the lessons learned in the August 14 
blackout, such as identifying key strat-
egies for establishing cranking paths 
and adding load incrementally to 
stabilize voltage and frequency, 
were incorporated into EOP-005-2.  
NERC Standard EOP-006-2 ad-
dresses the need for coordination of 
restoration plans among reliability 
coordinators, the need for plans to 
achieve synchronization between 
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islands formed by the blackout and 
the need for training and simulation 
drills at prescribed periods to ensure 
that the main ties among reliability 
coordinators are restored in a reli-
able manner. While the emphasis 
remains on preventing blackouts in 
the first place, it is important to have 
thoughtful and coordinated plans 
to restore the power system reliably, 
particularly in view of  the ever pre-
sent-threat of  natural disasters such 
as fires, floods, and hurricanes.

Conclusion
On August 14, 2003, an enormous 
power disruption resulted in the loss 
of power to approximately 50 mil-
lion people. A total of 61,800 MW 

of load was disconnected, along 
with 265 generating plants (see  
Figure 5). Three major metropolitan 
areas (Cleveland, Detroit, and New 
York), along with much of  the prov-
ince of  Ontario, were blacked out. 
Two large areas (upstate New York 
and the combination of  New England  
and the Maritime provinces) and 
several smaller areas became electri-
cally islanded systems, disconnected 
from the Eastern Interconnection. 
Overall, given the difficulties con-
fronted, the affected utilities and 
their dedicated personnel did an 
admirable job in overcoming those 
difficulties and restoring the power 
system following this historic power 
outage.
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Figure 5 �The area affected by August 14, 2003 blackout
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12.1  Generator-Voltage Control
The exciter delivers dc power to the field winding on the rotor of a synchronous 
generator. For older generators, the exciter consists of a dc generator driven by the 
rotor. The dc power is transferred to the rotor via slip rings and brushes. For newer 
generators, static or brushless exciters are often employed.

For static exciters, ac power is obtained directly from the generator terminals or 
a nearby station service bus. The ac power is then rectified via thyristors and trans-
ferred to the rotor of the synchronous generator via slip rings and brushes.

For brushless exciters, ac power is obtained from an “inverted” synchronous 
generator whose three-phase armature windings are located on the main generator 
rotor and whose field winding is located on the stator.

The ac power from the armature windings is rectified via diodes mounted on 
the rotor and is transferred directly to the field winding. For this design, slip rings 
and brushes are eliminated.

Block diagrams of several standard types of generator-voltage control systems 
have been developed by the IEEE Power and Energy Society, beginning in 1968 with 
[1] and most recently in 2005 with IEEE Std 421.5-2005. A block diagram for what is 
commonly known as the IEEE Type 1 exciter, which uses a shaft-driven dc generator 
to create the field current, is shown in Figure 12.3 (neglecting saturation).

In Figure 12.3, the leftmost block, 1/(1 1 sTr), represents the delay associated 
with measuring the terminal voltage Vt where s is the Laplace operator and Tr is the 
measurement time constant. Note that if  a unit step is applied to a 1/(1 1 sTr) block, 
the output rises exponentially to unity with time constant Tr. The measured generator 
terminal voltage Vt is compared with a voltage reference Vref to obtain a voltage error, 
ΔV, which in turn is applied to the voltage regulator. The voltage regulator is modeled 
as an amplifier with gain Ka and a time constant Ta, while the last forward block rep-
resents the dynamics of the exciter’s dc generator. The output is the field voltage Efd. 
which is applied to the generator field winding and acts to adjust the generator termi-
nal voltage, as in (11.6.5). The feedback block in Figure 12.3 is used to improve the 
dynamic response of the exciter by reducing excessive overshoot. This feedback is rep-
resented by (sKf)/(1 1 sTf), which provides a filtered first derivative negative feedback.

For any transient stability study, the initial values for the state variables need 
to be determined. This is done by assuming that the system is initially operating 
in steady-state, and recognizing that in steady-state all the derivatives will be zero. 
Then, by knowing the initial field voltage (found as in Example 11.10) and terminal 
voltage, all the other variables can be determined.

Vt

Vref

Vr min

Vr max

Ka

sKf

Vr

Vf

Efd1
–

–+

+1 + sTr 1 + sTa

1+sTf

1
Ke + sTe

FIGURE 12.3

Block diagram for 
the IEEE Type 1 
Exciter (neglecting 
saturation)
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For wind turbines, how their voltage is controlled depends upon the type of the 
wind turbines. Type 1 wind turbines, squirrel cage induction machines, have no direct 
voltage control. Type 2 wind turbines are wound rotor induction machines with vari-
able external resistance. While they do not have direct voltage control, the external 
resistance control system is usually modeled as a type of exciter. The block diagram 
for such a model is shown in Figure 12.4. The purpose for this control is to allow for a 
more constant power output from the wind turbine. For example, if  a wind gust were 
to cause the turbine blades to accelerate, this controller would quickly increase the 
external resistance, flatting the torque-speed curve as shown in Figure 11.25.

Similar to synchronous machines, the Type 3 and 4 wind turbines have the ability 
to perform voltage or reactive power control. Common control modes include constant 
power factor control, coordinated control across a wind farm to maintain a constant 
voltage at the interconnection point, and constant reactive power control. Figure 12.5  
shows a simplified version of a Type 3 wind turbine exciter, in which Qcmd is the com-
manded reactive power, Vt is the terminal voltage, and the output, Eq is the input to the 
DFAG model shown in Figure 11.27. For fixed reactive power Qcmd is a constant, while 
for power factor control, Qcmd varies linearly with the real power output.

From
generator

model

Speed
from

turbine
model

Pgen

Kw
Rmin

Rmax

Rext
To

generator
model

Kp

Kpp + Kip/s

s2

s1

s0

1 + sTw

1 + sTp

P vs. slip curve

+
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FIGURE 12.4

Simplified block 
diagram for a Type 2  

wind turbine Rext 
control system

Qcmd
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EqKviKQi
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+
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–

FIGURE 12.5

Simplified block 
diagram for a Type 3 

wind turbine reactive 
power control 

system

Synchronous Generator Exciter Response
Using the system from Example 11.10, assume the two-axis generator is aug-
mented with an IEEE Type 1 exciter with Tr 5 0, Ka 5 100, Ta 5 0.05, Vrmax 5 5, 
Vrmin 5 25, Ke 5 1, Te 5 0.26, Ka 5 0.01 and Tf 5 1.0. (a) Determine the initial 
values of Vr, Vf, and Vref . (b) Using the fault sequence from Example 11.10, deter-
mine the bus 4 terminal voltage after 1 second and then after 5 seconds.

EXAMPLE 12.1
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SOLUTION
a.  The initial field voltage and terminal voltage, Efd and Vt, do not depend on 
the exciter, so their values are equal to those found in Example 11.10, that is, 2.913 
and 1.095 respectively. Since the system is initially in steady-state,

Vr 5 (Ke)(Efd) 5 (1.0)(2.9135) 5 2.9135

Because Vf is the output of the filtered derivative feedback, its initial value is zero. 
Finally, writing the equation for the second summation block in Figure 12.3

sVref 2 Vt 2 VfdsKad 5 Vr

Vref 5
Vr

Ka

1 Vt 1 Vf 5
2.9135

100
1 1.0946 5 1.1237

b.  Open PowerWorld Simulator case Example 12_1 and display the Transient 
Stability Analysis Form (see Figure 12.6). To see the initial conditions, select the 

FIGURE 12.6

Example 12.1 results
(Continued )
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States/Manual Control page, and then select the Transfer Present State to Power 
Flow button to update the oneline display. From this page, it is also possible to 
just do a specified number of timesteps by selecting the Do Specified Number of 
Timesteps(s) button or to run to a specified simulation time using the Run Until 
Specified Time button. To determine the terminal voltage after one second, select 
the Run Until Specified Time button. The value is 1.10 p.u. To finish the simula-
tion, select the Continue button. The terminal voltage at five seconds is 1.095 p.u., 
which is close to the prefault voltage, indicating the exciter is restoring the voltage 
to its setpoint value. In contrast, the bus 4 terminal voltage after five seconds in 
the Example 11.10 case, which does not include an exciter, is 1.115 p.u.

Type 3 Wind Turbine Reactive Power Control
Assume the Type 3 wind turbine from Example 11.12 has a Figure 12.5 reactive 
power control system with KQi 5 0.4, KVi 5 40, XIQmax 5 1.45, XIQmin 5 0.5,  
Vmax 5 1.1, Vmin 5 0.9 (per unit using a 100 MVA base). For the Example 11.12 
system conditions, determine the initial values for Vref, Qcmd, and estimate the 
maximum amount of reactive power this system could supply during a fault that 
depresses the terminal voltage to 0.5 p.u.

SOLUTION
Since in steady-state the inputs to each of the two integrator blocks in Figure 12.5  
must be zero, Vref is just equal to the initial terminal voltage magnitude from 
Example 11.12, that is, 1.0239 p.u., and Qcmd is the initial reactive power output, 
which is 0.22 per unit (22 Mvar), found from the imaginary part of the product of 
the terminal voltage and the conjugate of the terminal current. During the fault 
with its low terminal voltage, the positive input into the KVi; integration block will 
cause Eq to rapidly rise to its limit XIQmax 5 1.45. The reactive component of Isorc 
will then be 21.45/ 0.8 5 21.8125 p.u. The total per unit reactive power injection 
with Vt 5 0.5 during the fault is then

Qnet 5 sVtds1.8125d 2
V 

2
t

0.8
5 0.593 pu 5 59.3  Mvar

This result can be confirmed by opening PowerWorld Simulator case Exam
ple 12_2 which models such a fault condition (see Figure 12.7). After the fault is 
cleared, the reactive power controller restores the machine’s reactive power out-
put to its prefault value.

EXAMPLE 12.2
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Block diagrams such as those shown in Figure 12.3 are used for computer rep-
resentation of  generator-voltage control in transient stability computer programs 
(see Chapter 11). In practice, high-gain, fast-responding exciters provide large, 
rapid increases in field voltage Efd during short circuits at the generator terminals 
in order to improve transient stability after fault clearing. Equations represented 
in the block diagram can be used to compute the transient response of  generator-
voltage control.

12.2  Turbine-Governor Control
Turbine-generator units operating in a power system contain stored kinetic energy 
due to their rotating masses. If  the system load suddenly increases, stored kinetic en-
ergy is released to initially supply the load increase. Also, the electrical torque Te of 
each turbine-generating unit increases to supply the load increase, while the mechan-
ical torque Tm of  the turbine initially remains constant. From Newton’s second law, 
Ja 5 Tm 2 Te, the acceleration a is therefore negative. That is, each turbine-generator 
decelerates and the rotor speed drops as kinetic energy is released to supply the load 
increase. The electrical frequency of each generator, which is proportional to rotor 
speed for synchronous machines, also drops.

FIGURE 12.7

Example 12.2 variation in generator reactive power output
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From this, we conclude that either rotor speed or generator frequency indicates 
a balance or imbalance of generator electrical torque Te and turbine mechanical 
torque Tm. If  speed or frequency is decreasing, then Te is greater than Tm (neglecting 
generator losses). Similarly, if  speed or frequency is increasing, Te is less than Tm. 
Accordingly, generator frequency is an appropriate control signal for governing the 
mechanical output power of the turbine.

The steady-state frequency-power relation for turbine-governor control is

Dpm 5 Dpref 2
1
R

Df � (12.2.1)

where Df is the change in frequency, Dpm is the change in turbine mechanical power 
output, and Dpref is the change in a reference power setting. R is called the regulation 
constant. The equation is plotted in Figure 12.8 as a family of curves, with Dpref as a 
parameter. Note that when Dpref is fixed, Dpm is directly proportional to the drop in 
frequency.

Figure 12.8 illustrates a steady-state frequency-power relation. When an elec-
trical load change occurs, the turbine-generator rotor accelerates or decelerates, and 
frequency undergoes a transient disturbance. Under normal operating conditions, 
the rotor acceleration eventually becomes zero, and the frequency reaches a new 
steady-state, shown in the figure.

The regulation constant R in (12.2.1) is the negative of the slope of the Df 
versus Dpm curves shown in Figure 12.8. The units of R are Hz/MW when Df is in 
Hz and Dpm is in MW. When Df and Dpm are given in per-unit, however, R is also in 
per-unit.

FIGURE 12.8

Steady-state 
frequency–power 

relation for a  
turbine-governor
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The steady-state frequency-power relation for one area of an interconnected 
power system can be determined by summing (12.2.1) for each turbine-generating 
unit in the area. Noting that Df is the same for each unit,

Dpm 5 Dpm1 1 Dpm2 1 Dpm3 1 Á

5 sDpref1 1 Dpref2 1 Á d 2 1 1
R1

1
1

R2

1 Á 2Df

5 Dpref 2 1 1
R1

1
1

R2

1 Á 2Df � (12.2.2)

where Dpm is the total change in turbine mechanical powers and Dpref is the total 
change in reference power settings within the area. We define the area frequency 
response characteristic b as

b 5 1 1
R1

1
1
R2

Á 2� (12.2.3)

Using (12.2.3) in (12.2.2),

Dpm 5 Dpref 2 bDf � (12.2.4)

Turbine-governor response to a frequency change  
at a generating unit
A 500-MVA, 60-Hz turbine-generator has a regulation constant R 5 0.05 per 
unit based on its own rating. If  the generator frequency increases by 0.01 Hz in 
steady-state, what is the decrease in turbine mechanical power output? Assume a 
fixed reference power setting.

SOLUTION
The per-unit change in frequency is

Dfp.u. 5
Df

fbase

5
0.01
60

5 1.6667 3 1024  per unit

Then, from (12.2.1), with Dpref 5 0,

Dpmp.u. 5 1 21
0.052s1.6667 3 1024d 5 23.3333 3 1024  per unit

Dpm 5 sDpmp.u.dSbase 5 s23.3333 3 1024ds500d 5 21.6667  MW

The turbine mechanical power output decreases by 1.67 MW.

EXAMPLE 12.3
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Equation (12.2.4) is the area steady-state frequency-power relation. The units of  
b are MW/Hz when Df is in Hz and Dpm is in MW. b can also be given in per-unit. In 
practice, b is somewhat higher than that given by (12.2.3) due to system losses and 
the frequency dependence of loads.

A standard value for the regulation constant is R 5 0.05 per unit. When all 
turbine-generating units have the same per-unit value of R based on their own ratings, 
then each unit shares total power changes in proportion to its own rating. Figure 12.9  
shows a block diagram for a simple steam turbine governor commonly known 
as the TGOV1 model. The 1/(1 1 sT1) models the time delays associated with  
the governor, where s is again the Laplace operator and T1 is the time constant. The  
limits on the output of this block account for the fact that turbines have minimum and 
maximum outputs. The second block diagram models the delays associated with the 
turbine; for non-reheat turbines T2 should be zero. Typical values are R 5 0.05 p.u.,  
T1 50.5 seconds, T3 5 0.5 for a non-reheat turbine or T2 5 2.5 and T3 5 7.5 seconds 
otherwise. Dt, is a turbine damping coefficient that is usually 0.02 or less (often zero). 
Additional turbine block diagrams are available in [3].

pref
pmech

Vmax

Vmin

Dt

1 1
1 + sT1

1 + sT2

1 + sT3R– –
+

+

Speed

FIGURE 12.9

Turbine-governor 
block diagram

Response of turbine-governors to a load change  
in an interconnected power system
An interconnected 60-Hz power system consists of one area with three 
turbine-generator units rated 1000, 750, and 500 MVA, respectively. The regulation  
constant of each unit is R 5 0.05 per unit based on its own rating. Each unit is 
initially operating at one-half  of its own rating, when the system load suddenly 
increases by 200 MW. Determine (a) the per-unit area frequency response charac-
teristic b on a 1000 MVA system base, (b) the steady-state drop in area frequency, 
and (c) the increase in turbine mechanical power output of each unit. Assume 
that the reference power setting of each turbine-generator remains constant. 
Neglect losses and the dependence of load on frequency.

EXAMPLE 12.4
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SOLUTION
a.  The regulation constants are converted to per-unit on the system base using

Rp.u.new 5 Rp.u.old 
Sbasesnewd

Sbasesoldd

We obtain

R1p.u.new 5 R1p.u.old 5 0.05

R2p.u.new 5 s0.05d11000
750 2 5 0.06667

R3p.u.new 5 s0.05d11000
550 2 5 0.10  per unit

Using (12.2.3),

b 5
1
R1

1
1
R2

1
1
R3

5
1

0.05
1

1
0.06667

1
1

0.10
5 45.0  per unit

b.  Neglecting losses and dependence of load on frequency, the steady-state increase 
in total turbine mechanical power equals the load increase, 200 MW or 0.20 per unit. 
Using (12.2.4) with Dpref 5 0,

Df 5 121
b 2Dpm 5 121

45 2s0.20d 5 24.444 3 1023  per unit

5 (24.444 3 1023) (60) 5 20.2667  Hz

The steady-state frequency drop is 0.2667 Hz.
c.  From (12.2.1), using Df 5 24.444 3 1023 per unit,

Dpm1 5 1 21
0.052s24.444 3 1023d 5 0.08888  per unit

5 88.88  MW

Dpm2 5 1 21
0.066672s24.444 3 1023d 5 0.06666  per unit

5 66.66  MW

Dpm3 5 1 21
0.102s24.444 3 1023d 5 0.04444  per unit

5 44.44  MW

Note that unit 1, whose MVA rating is 33% larger than that of unit 2 and 100% 
larger than that of unit 3, picks up 33% more load than unit 2 and 100% more 

(Continued )
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load than unit 3. That is, each unit shares the total load change in proportion to 
its own rating.

PowerWorld Simulator case Example 12_4 contains a lossless nine bus, three 
generator system that duplicates the conditions from this example (see Figure 12.10). 
The generators at buses 1, 2 and 3 have ratings of 500, 1000, and 750 MVA respec-
tively, with initial outputs of 300, 600, 500 MWs. Each is modeled with a two-axis 
synchronous machine model (see Section 11.6), an IEEET1 exciter and a TGOV1 
governor model with the parameters equal to the defaults given earlier. At time t 5 
0.5 seconds, the load at bus 8 is increased from 200 to 400 MW. Figure 12.10 shows 
the results of a 10-second transient stability simulation. The final generator outputs 
are 344.5, 589.0, and 466.7 MWs, while the final frequency decline is 0.272 Hz, 
closely matching the results predicted in the example (the frequency decline exactly 
matches the 0.266 Hz prediction if the simulation is extended to 20 seconds).

FIGURE 12.10

System oneline with generator mechanical power variation for Example 12.4
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The power output from wind turbines can be controlled by changing the 
pitch angle of  the blades. When the available power in the wind is above the 
rating for the turbine, its blades are pitched to limit the mechanical power deliv-
ered to the electric machine. When the available power is less than the machine’s 
rating, the pitch angle is set to its minimum. Figure 12.11 shows the generic 
pitch control model for Type 3 and 4 wind turbines, with the inputs being the per 
unit speed of  the turbine, vr, the desired speed (normally 1.2 p.u.), the ordered 
per unit electrical output, and a setpoint power. These signals are combined as 
shown on the figure to produce a commanded angle for the blades, ucmd, expressed 
in degrees. The right side of  the block diagram models the dynamics and limits 
associated with changing the pitch angle of  the blades; Ru is the rate at which 
the blades change their angle in degrees per second. Typical values are Tp 5 0.3 
seconds, umin/max between 0° and 27°, rate limits of  610°/s, Kpp 5 150, Kip 5 25, 
Kpc 5 3, Kic 5 30.

In general, the larger the size of the interconnected system, the better the 
frequency response since there are more generators to share the task. However, 
“Owners/operators of generator units have strong economic reasons to operate 
generator units in many ways that prevent effective governing response.” [16] For 
example, operating the unit at its full capacity, which maximizes the income that 
can be derived from the unit but prevents the unit from increasing its output. This 
is certainly an issue with wind turbines since their “fuel” is essentially free. Also, the 
Type 3 and 4 units do not contribute inertial response.

12.3  Load-Frequency Control
As shown in Section 12.2, turbine-governor control eliminates rotor accelerations 
and decelerations following load changes during normal operation. However, there 
is a steady-state frequency error Df when the change in turbine-governor reference 
setting Dpref is zero. One of the objectives of load-frequency control (LFC), therefore, 
is to return Df to zero.

In a power system consisting of interconnected areas, each area agrees to export 
or import a scheduled amount of power through transmission-line interconnections, 

Kpp +
Kip
s

Kpc +
Kic
s

Pelec

Pset

+

+

+

+ +
Pitch

1
sTp

0

–

–

–

FIGURE 12.11

Pitch control for a 
Type 3 or 4 wind 
turbine model
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or tie-lines, to its neighboring areas. Thus, a second LFC objective is to have 
each area absorb its own load changes during normal operation. This objective is 
achieved by maintaining the net tie-line power flow out of each area at its scheduled  
value.

The following summarizes the two basic LFC objectives for an interconnected 
power system:

1.	 Following a load change, each area should assist in returning the steady-
state frequency error Df to zero.

2.	 Each area should maintain the net tie-line power flow out of  the area 
at its scheduled value, in order for the area to absorb its own load 
changes.

The following control strategy developed by N. Cohn [4] meets these LFC objectives. 
We first define the area control error (ACE) as follows:

ACE 5 sptie 2 ptie,schedd 1 Bf s f 2 60d

5 Dptie 1 Bf Df � (12.3.1)

where Dptie is the deviation in net tie-line power flow out of  the area from its sched-
uled value ptie, sched, and Df is the deviation of  area frequency from its scheduled 
value (60 Hz). Thus, the ACE for each area consists of  a linear combination of 
tie-line error Dptie and frequency error Df. The constant Bf is called a frequency bias 
constant.

The change in reference power setting Dprefi of each turbine-governor operating 
under LFC is proportional to the integral of the area control error. That is,

Dprefi 5 2Ki#ACE dt� (12.3.2)

Each area monitors its own tie-line power flows and frequency at the area control 
center. The ACE given by (12.3.1) is computed and a percentage of the ACE is allo-
cated to each controlled turbine-generator unit. Raise or lower commands are dis-
patched to the turbine-governors at discrete time intervals of two or more seconds 
in order to adjust the reference power settings. As the commands accumulate, the 
integral action in (12.3.2) is achieved.

The constant Ki in (12.3.2) is an integrator gain. The minus sign in (12.3.2) 
indicates that if  either the net tie-line power flow out of  the area or the area fre-
quency is low—that is, if  the ACE is negative—then the area should increase its 
generation.

When a load change occurs in any area, a new steady-state operation can be 
obtained only after the power output of every turbine-generating unit in the in-
terconnected system reaches a constant value. This occurs only when all reference 
power settings are zero, which in turn occurs only when the ACE of every area is 
zero. Furthermore, the ACE is zero in every area only when both Dptie and Df are 
zero. Therefore, in steady-state, both LFC objectives are satisfied.
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Response of LFC to a load change in an interconnected 
power system
As shown in Figure 12.12, a 60-Hz power system consists of two interconnected 
areas. Area 1 has 2000 MW of total generation and an area frequency response 
characteristic b1 5 700 MW/Hz. Area 2 has 4000 MW of total generation and 
b2 5 1400 MW/Hz. Each area is initially generating one-half  of its total genera-
tion, at Dptiel 5 Dptie2 5 0 and at 60 Hz when the load in area 1 suddenly increases 
by 100 MW. Determine the steady-state frequency error Df and the steady-state  
tie-line error Dptie of each area for the following two cases: (a) without LFC, and  
(b) with LFC given by (12.3.1) and (12.3.2). Neglect losses and the dependence of  
load on frequency.

SOLUTION
a.  Since the two areas are interconnected, the steady-state frequency error Df is 
the same for both areas. Adding (12.2.4) for each area,

sDpm1 1 Dpm2d 5 sDpref1 1 Dpref2d 2 sb1 1 b2dDf

Neglecting losses and the dependence of load on frequency, the steady-state increase 
in total mechanical power of both areas equals the load increase, 100 MW. Also, 
without LFC, Dpref1 and Dpref2 are both zero. The above equation then becomes

100 5 2sb1 1 b2dDf 5 2s700 1 1400dDf

Df 5 2100/2100 5 20.0476  Hz

Next, using (12.2.4) for each area, with Dpref 5 0,

Dpm1 5 2b1Df 5 2s700ds20.0476d 5 33.33  MW

Dpm2 5 2b2Df 5 2s1400ds20.0476d 5 66.67  MW

In response to the 100-MW load increase in area 1, area 1 picks up 33.33 MW 
and area 2 picks up 66.67 MW of generation. The 66.67-MW increase in area 2 

EXAMPLE 12.5

FIGURE 12.12

Example 12.5

(Continued)
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generation is transferred to area 1 through the tie-lines. Therefore, the change in 
net tie-line power flow out of each area is

Dptie2 5 166.67  MW

Dptie1 5 266.67  MW

b.  From (12.3.1), the area control error for each area is

ACE1 5 Dptie1 1 B1Df1

ACE2 5 Dptie2 1 B2Df2

Neglecting losses, the sum of the net tie-line flows must be zero; that is, 
Dptie1 1 Dptie2 5 0 or Dptie2 5 2Dptie1. Also, in steady-state Df1 5 Df2 5 Df. 

Using these relations in the above equations,

ACE1 5 Dptie1 1 B1Df

ACE2 5 2Dptie1 1 B2Df

In steady-state, ACE1 5 ACE2 5 0; otherwise, the LFC given by (12.3.2) would 
be changing the reference power settings of turbine-governors on LFC. Adding 
the above two equations,

ACE1 1 ACE2 5 0 5 (B1 1 B2)Df

Therefore, Df 5 0 and Dptie1 5 Dptie2 5 0. That is, in steady-state the frequency 
error is returned to zero, area 1 picks up its own 100-MW load increase, and area 2  
returns to its original operating condition—that is, the condition before the load 
increase occurred.

Note that the turbine-governor controls act almost instantaneously, subject 
only to the time delays shown in Figure 12.9. However, LFC acts more slowly. 
LFC raise and lower signals are dispatched from the area control center to turbine- 
governors at discrete time intervals of 2 or more seconds. Also, it takes time for 
the raise or lower signals to accumulate. Thus, case (a) represents the first action. 
Turbine-governors in both areas rapidly respond to the load increase in area 1 in 
order to stabilize the frequency drop. Case (b) represents the second action. As LFC 
signals are dispatched to turbine-governors, Df and Dptie are slowly returned to zero.

The choice of the Bf and Ki constants in (12.3.1) and (12.3.2) affects the tran-
sient response to load changes—for example, the speed and stability of the response. 
The frequency bias Bf should be high enough such that each area adequately con-
tributes to frequency control. Cohn [4] has shown that choosing Bf equal to the area 
frequency response characteristic, Bf 5 b, gives satisfactory performance of the 
interconnected system. The integrator gain Ki, should not be too high; otherwise, 
instability may result. Also, the time interval at which LFC signals are dispatched, 
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2 or more seconds, should be long enough so that LFC does not attempt to follow 
random or spurious load changes. A detailed investigation of the effect of Bf, Ki, and 
LFC time interval on the transient response of LFC and turbine-governor controls 
is beyond the scope of this text.

Two additional LFC objectives are to return the integral of frequency error and 
the integral of net tie-line error to zero in steady-state. By meeting these objectives, 
LFC controls both the time of clocks that are driven by 60-Hz motors and energy 
transfers out of each area. These two objectives are achieved by making temporary 
changes in the frequency schedule and tie-line schedule in (12.3.1).

Finally, note that LFC maintains control during normal changes in load and 
frequency—that is, changes that are not too large. During emergencies, when large 
imbalances between generation and load occur, LFC is bypassed and other, emer-
gency controls are applied.

COORDINATION OF ECONOMIC DISPATCH WITH LFC
Both the load-frequency control (LFC) and economic dispatch objectives are 
achieved by adjusting the reference power settings of turbine-governors on control.  
Figure 12.13 shows an automatic generation control strategy for achieving both 
objectives in a coordinated manner. In this figure, PiD is the desired output of each 
generator as computed from an economic dispatch program, which is discussed in 

Bf

Pi

PiD

K1i K3i

K2i

K1i 5 Proportion of ACE shared by unit i
K2i 5 Proportion of total load deviation shared by unit i
K3i 5 Control gain for unit i
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Total actual
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FIGURE 12.13

Automatic generation control [11] (Based on A.J. Wood and B.F. Wollenberg, Power Generation, Operation, and Control, 1989,  
John Wiley & Sons)
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Section 6.12. As shown in Figure 12.13, the area control error (ACE) is first computed, 
and a share K1i of the ACE is allocated to each unit. Second, the deviation of total ac-
tual generation from total desired generation is computed, and a share K2iSsPiD 2 Pid 
is allocated to unit i. Third, the deviation of actual generation from desired generation 
of unit i is computed, and (PiD 2 Pi) is allocated to unit i. An error signal formed from 
these three components and multiplied by a control gain K3i determines the raise or 
lower signals that are sent to the turbine-governor of each unit i on control.

In practice, raise or lower signals are dispatched to the units at discrete time 
intervals of 2 to 10 seconds. The desired outputs PiD of units on control, determined 
from the economic dispatch program, are updated at slower intervals, typically every 
2 to 10 minutes.

PROBLEMS

SECTION 12.1
12.1	 The block-diagram representation of a closed-loop automatic regulat-

ing system, in which generator voltage control is accomplished by con-
trolling the exciter voltage, is shown in Figure 12.14. Ta, Te, and Tf are 
the time constants associated with the amplifier, exciter, and generator 
field circuit, respectively. (a) Find the open-loop transfer function G(s).  
(b) Evaluate the minimum open-loop gain such that the steady-state error 
Dess does not exceed 1%. (c) Discuss the nature of the dynamic response 
of the system to a step change in the reference input voltage.

Tf sTe sTa s

KA KE KFV e

V

V V VFIGURE 12.14

Problem 12.1

Gain Time Constant 
(seconds)

Amplifier KA TA 5 0.1
Exciter KE 5 1 TE 5 0.4
Generator KG 5 1 TG 5 1.0
Sensor KR 5 1 TR 5 0.05

12.2	 The Automatic Voltage Regulator (AVR) system of a generator is repre-
sented by the simplified block diagram shown in Figure 12.15, in which 
the sensor is modeled by a simple first-order transfer function. The volt-
age is sensed through a voltage transformer and then rectified through a 
bridge rectifier. Parameters of the AVR system are given as follows.
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	 Problems	 773

	 (a)  Determine the open-loop transfer function of the block diagram and 
the closed-loop transfer function relating the generator terminal voltage  
Vt(s) to the reference voltage Vref (s). (b) For the range of KA from 0  
to 12.16, comment on the stability of the system. (c) For KA 5 10, evaluate  
the steady-state step response and steady-state error.

12.3	 Open PowerWorld Simulator case Problem 12_3. This case models the 
system from Example 12.1 except with the rate feedback gain constant, 
Kf, has been set to zero and the simulation end time was increased to 30 
seconds. Without rate feedback the system voltage response will become 
unstable if  the amplifier gain, Ka, becomes too large. In the simulation 
this instability will be indicated by undamped oscillations in the termi-
nal voltage (because of the limits on Vr the response does not grow to 
infinity but rather bounces between the limits). Using transient stability 
simulations, iteratively determine the approximate value of Ka at which 
the system becomes unstable. The value of Ka can be on the Generator 
Information Dialog, Stability, Exciters page.

12.4	 One of the disadvantages of the IEEET1 exciter is following a fault the 
terminal voltage does not necessarily return to its prefault value. Using 
PowerWorld Simulator case Problem 12_3 determine the prefault bus 4 
terminal voltage and field voltage. Then use the simulation to determine 
the final, postfault values for these fields for Ka 5 100, 200, 50, and 10. 
Referring to Figure 12.3, what is the relationship between the reference 
voltage, and the steady-state terminal voltage and the field voltage?

SECTION 12.2
12.5	 An area of an interconnected 60-Hz power system has three turbine- 

generator units rated 200, 300, and 500 MVA. The regulation constants 
of the units are 0.03, 0.04, and 0.05 per unit, respectively, based on their 
ratings. Each unit is initially operating at one-half  its own rating when 
the load suddenly decreases by 150 MW. Determine (a) the unit area fre-
quency response characteristic b on a 100-MVA base, (b) the steady-state 
increase in area frequency, and (c) the MW decrease in mechanical power 
output of each turbine. Assume that the reference power setting of each 
turbine-governor remains constant. Neglect losses and the dependence 
of load on frequency.

PW

PW

KA KE KG

KR

TA s TE  s TG s

TR s

V V

V

V V V
FIGURE 12.15

Problem 12.2
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12.6	 Each unit in Problem 12.5 is initially operating at one-half  its own rating 
when the load suddenly increases by 100 MW. Determine (a) the steady-
state decrease in area frequency, and (b) the MW increase in mechanical 
power output of each turbine. Assume that the reference power setting of 
each turbine-generator remains constant. Neglect losses and the depen-
dence of load on frequency.

12.7	 Each unit in Problem 12.5 is initially operating at one-half its own 
rating when the frequency increases by 0.005 per unit. Determine the 
MW decrease of each unit. The reference power setting of each turbine- 
governor is fixed. Neglect losses and the dependence of load on frequency.

12.8	 Repeat Problem 12.7 if  the frequency decreases by 0.005 per unit. Deter-
mine the MW increase of each unit.

12.9	 An interconnected 60-Hz power system consisting of one area has two 
turbine-generator units, rated 500 and 750 MVA, with regulation con-
stants of 0.04 and 0.06 per unit, respectively, based on their respective 
ratings. When each unit carries a 300-MVA steady-state load, let the area 
load suddenly increase by 250 MVA. (a) Compute the area frequency 
response characteristic b on a 1000-MVA base. (b) Calculate Df in per-
unit on a 60-Hz base and in Hz.

12.10	 Open PowerWorld Simulator case Problem 12_10. The case models the 
system from Example 12.4 except 1) the load increases is a 50% rise at 
bus 6 for a total increase of 250 MW (from 500 MW to 750 MW), 2) the 
value of R for generator 1 is changed from 0.05 to 0.04 per unit. Repeat 
Example 12.4 using these modified values.

12.11	 Open PowerWorld Simulator case Problem 12_11, which includes a tran-
sient stability representation of the system from Example 6.13. Each 
generator is modeled using a two-axis machine model, an IEEE Type 1 
exciter and a TGOV1 governor with R 5 0.04 per unit (a summary of the 
generator models is available by selecting either Stability Case Info, Tran-
sient Stability Generator Summary which includes the generator MVA 
base, or Stability Case Info, Transient Stability Case Summary). The con-
tingency is the loss of the generator at bus PEAR69, which initially has 
65 MW of generation. Analytically determine the steady-state frequency 
error in Hz following this contingency. Use PowerWorld Simulator to 
confirm this result; also determine the magnitude and time of the largest 
bus frequency deviation.

12.12	 Repeat Problem 12.11 except first double the H value for each of the 
machines. This can be most easily accomplished by selecting Stability 
Case Info, Transient Stability Case Summary to view the summary form. 
Right click on the line corresponding to the Machine Model class, and 
then select Show Dialog to view an editable form of the model parame-
ters. Compare the magnitude and time of the largest bus frequency devi-
ations between Problem 12.12 and 12.11.
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12.13	 For a large, 60 Hz, interconnected electrical system assume that follow-
ing the loss of two 1400 MW generators (for a total generation loss of 
2800 MW) the change in frequency is 20.12 Hz. If  all the on-line gener-
ators that are available to participate in frequency regulation have an R 
of 0.04 per unit (on their own MVA base), estimate the total MVA rating 
of these units. 

SECTION 12.3
12.14	 A 60-Hz power system consists of two interconnected areas. Area 1 has  

1200 MW of generation and an area frequency response character-
istic b1 5 400 MW/Hz. Area 2 has 1800 MW of generation and b2 5  
600 MW/Hz. Each area is initially operating at one-half  its total genera-
tion, at Dptie1 5 Dptie2 5 0 and at 60 Hz, when the load in area 1 suddenly 
increases by 400 MW. Determine the steady-state frequency error and 
the steady-state tie-line error Dptie of each area. Assume that the refer-
ence power settings of all turbine-governors are fixed. That is, LFC is 
not employed in any area. Neglect losses and the dependence of load on 
frequency.

12.15	 Repeat Problem 12.14 if  LFC is employed in area 2 alone. The area 2 
frequency bias coefficient is set at Bf 2 5 b2 5 600 MW/Hz. Assume that 
LFC in area 1 is inoperative due to a computer failure.

12.16	 Repeat Problem 12.14 if  LFC is employed in both areas. The frequency 
bias coefficients are Bf   1 5 b1 5 400 MW/Hz and Bf2 5 b2 5 600 MW/Hz.

12.17	 Rework Problems 12.15 through 12.16 when the load in area 2 suddenly 
decreases by 300 MW. The load in area 1 does not change.

12.18	 On a 1000-MVA common base, a two-area system interconnected by a tie 
line has the following parameters:

Area 1 2

Area Frequency Response 
Characteristic

b1 5 0.05 per unit b2 5 0.0625 per unit

Frequency-Dependent  
Load Coefficient

D1 5 0.6 per unit D2 5 0.9 per unit

Base Power 1000 MVA 1000 MVA
Governor Time Constant tg1 5 0.25 s tg2 5 0.3 s
Turbine Time Constant tt1 5 0.5 s tt2 5 0.6 s

	 Problems	 775

	 The two areas are operating in parallel at the nominal frequency of 60 Hz.  
The areas are initially operating in steady state with each area supplying 
1000 MW when a sudden load change of 187.5 MW occurs in area 1. 
Compute the new steady-state frequency and change in tie-line power 
flow (a) without LFC, and (b) with LFC.
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CASE Study QUESTIONS
a.	 As a result of the August 14, 2003 blackout in North America, what 

major electrical islands were formed?

b.	 What is the first step in restoration?

c.	 What lessons were learned from this blackout?
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