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Abstract: This guide is intended to complement IEEE Std 125™-1988, providing application details
and addressing the impact of plant and system features on hydroelectric unit governing
performance. It provides guidance for the design and application of hydroelectric turbine governing
systems. There is a heightened awareness within the electric utility industry of the importance in the
effective application of governing systems for dynamic stability. The need exists to provide
guidance in the effective governing system application for a better understanding among users.
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|IEEE Standar ds documents are developed within the IEEE Societies and the Standards Coordinating Committees of the
IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote fairness
in the consensus development process, the IEEE does not independently evaluate, test, or verify the accuracy of any of the
information contained in its standards.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly resulting
from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly disclaims
any express or implied warranty, including any implied warranty of merchantability or fitness for a specific purpose, or that
the use of the material contained herein is free from patent infringement. IEEE Standards documents arefssipplied “

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase, market,
or provide other goods and services related to the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the
time a standard is approved and issued is subject to change brought about through developments in the state of the art and
comments received from users of the standard. Every |IEEE Standard is subjected to review at least every five years for
revision or reaffirmation. When a document is more than five years old and has not been reaffirmed, it is reasonable to
conclude that its contents, although still of some value, do not wholly reflect the present state of the art. Users ade caution

to check to determine that they have the latest edition of any IEEE Standard.

In publishing and making this document available, the IEEE is not suggesting or rendering professional or other services
for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other person or
entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon the advice of a
competent professional in determining the exercise of reasonable care in any given circumstances.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to specific
applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate acticaréo prep
appropriate responses. Since |IEEE Standards represent a consensus of concerned interests, it is important to ensure that any
interpretation has also received the concurrence of a balance of interests. For this reason, IEEE and the members of its soci-
eties and Standards Coordinating Committees are not able to provide an instant response to interpretation requests except in
those cases where the matter has previously received formal consideration. At lectures, symposia, seminars, or educational
courses, an individual presenting information on IEEE standards shall make it clear that his or her views should be considered
the personal views of that individual rather than the formal position, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation with
IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with appropriate
supporting comments. Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
P.O. Box 1331

Piscataway, NJ 08855-1331USA

NOTE—Attention is called to the possibility that implementation of this standard may require use of pubject
matter covered by patent rights. By publication of this standard, no position is taken with respedt to the
existence or validity of any patent rights in connection therewith. The IEEE shall not be responsjble for
identifying patents for which a license may be required by an IEEE standard or for conducting inquiries|into the
legal validity or scope of those patents that are brought to its attention.

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the Institute of
Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center. To
arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood Drive,
Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for educational
classroom use can also be obtained through the Copyright Clearance Center.
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Introduction

(This introduction is not part of IEEE Std 1207-2004, IEEE Guide for the Application bffEuGoverning Systems
for Hydroelectric Generating Units.)

This document is a guide for the application of turbine governing systems for hydroelectric generating units.
The Hydroelectric Power Subcommittee of the IEEE Energy Development and Power ®enerati
Committee began to look into forming a working group to draft an application guide for hydroeledsic

at the 1987 Winter Power Meeting. Subsequently, a PAR was issued and work began on the guide.

As progress was being made on the guide, governing technology was at the same time changing rapidly
from mechanical to analog electronic to digital electronic controllers. Also, during this time pesied,

guides produced by working groups of the Hydroelectric Power Subcommittee address@ddimme of

the original scope of this guide. Therefore, in 1998, the PAR for this Working Group was raviddtie
Working Group's efforts were focused on producing a guide that acted as a companion document to
IEEE Std 125-1988.

The final format of this guide contains four major clauses, which are directly relatied sobject matter
addressed in IEEE Std 125-1988. Clause 4 discusses the functions and characteristics of the turbine
governing system and of the equipment related to the design of the turbine governing systend Slause
somewhat tutorial in nature, discussing the major elements of the turbine governing system from a control
theory perspective. Clause 6 provides some application insights to specifying a turbine govetaig sys
Clause 7 provides a discussion of the issues related to the stability of the turbine governing system
Numerous bibliographic citations related to the subject matter are also provided, apteexam® included

to illustrate many of the systems and concepts discussed. Some more specialized infalpsim@nyith

the impact of turbine characteristics, system modeling and tuning, and performancey asiditesented

within the informative annexes of the guide.

This guide is designed to be a reference document for practicing engineers in the hydroelectric industry. It
intended to offer application insight for applying turbine governing systems for hydroelectric units.
IEEE Std 125-1988 offers guidance for what elements of a turbine governing system need to be specified,
and this guide offers some experience-based guidance on the impact on system performance of these
specifications.

Members of this Working Group represent a cross-section of the hydroelectric industry, including power
plant owners, plant designers, equipment manufacturers, engineering consultantadandcagersonnel.

The members of this Working Group wish to dedicate this guide to the memory of Bernard “Bud”
Crittenden. Bud worked in the area of governing system design for 45 years. His numerous contributions to
the industry involve many of the issues addressed by this guide. Perhaps Bud’s greatest contribution to the
industry was his mentoring of a number of young engineers entering the field of governing system design
and application. This guide can be viewed as a continuation of Bud’s work.

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: http://
standards.ieee.org/reading/ieee/updates/errata/index.btselrs are encouraged to check this URL for
errata periodically.
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Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reafititexpgee
index.html

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying
patents or patent applications for which a license may be required to implement an IEEE stafalard
conducting inquiries into the legal validity or scope of those patents that are brought to its attention.
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IEEE Guide for the Application of
Turbine Governing Systems for
Hydroelectric Generating Units

1. Overview

1.1 Scope

This guide is intended to complement IEEE Std™2B88} providing application details and addressing
the impact of plant and system features on hydroelectric unit governing performance.

1.2 Purpose

The purpose of this guide is to provide guidance for the design and application of hydroelectric turbine
governing systems. There is a heightened awareness within the electyidndilistry of the importance in

the effective application of governing systems for dynamic stability. The need exists to provide guidance in
the effective governing system application for a better understanding among users. Preseds standd
adequately address this need.

2. References

This guide shall be used in conjunction with the following publications. When the following specifications
are superseded by an approved revision, the revision shall apply.

ANSI/ASME Std PTC29-1980, Speed-Governing Systems for Hydraulic Turbine-Generatof Units.
IEC 60308 (1970-01), International code for testing of speed governing systems for hydraulic furbines.

IEC 61362 (1998-03), Guide to specification of hydraulic turbine control systems.

Linformation on references can be found in Clause 2.

2ANSI publications are available from the Sales Department, American Bhfitandards Institute, 25 West 43rd Street, 4thrEloo
New York, NY 10036, USA (http://www.ansi.org/).

3|EC publications are available from the Sales Department of the Internatiocabfehnical Commission, Case Postale 13ty&,
de Varembé, CH-1211, Genéve 20, Switzerland/Suisse (http://wwehfedEC publications are also available in the UnitedeStat
from the Sales Department, American National Standards Institutee&flA®nd Street, 13th Floor, New York, NY 10036, USA.
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IEEE
Std 1207-2004 IEEE GUIDE FOR THE APPLICATION OF TURBINE GOVERNING SYSTEMS

IEEE Std 125-1988 (Reaff. 1996), IEEE Recommended Practice for Preparation of Equipment
Specifications for Speed-Governing of Hydraulic Turbines Intended to Drive Electric @Gendra

ISO 44056:1999, Hydraulic fluid power—Fluids—Method for coding the level of contamination by solid
particles:

3. Definitions

For the purpose of this guide, the following terms and definitions appe/Authoritative Dictionary of
|EEE Sandards Terms, Seventh Edition [B28]should be referenced for terms not defined in this clause.

3.1 betaratio: A measure of the efficiency of a hydraulic oil filter, defined for a specific particle siteea
ratio of the number of particles of the specified patrticle size that are trapped filiethte the number of
particles that pass through the filter.

3.2dampingratio: This ratio of a second-order closed-loop control system is defined by:

(= l\/l_(wd/wn)z (1)

where
4 is the damping ratio,
wy is the damped natural frequency of the system response after a step change,
w, Iisthe undamped natural frequency of the system response after a step change.

This ratio is a measure of how oscillatory a control system is in respondingtép ahsnge. A control
system with a damping ratio of 1.0 is critically damped, with no oscillatory action and noantesshthe
initial transient after a step change. A control system with a damping ratio of 0.0 is uddaespéting in
continuous oscillatory action.

3.3 electrohydraulic governor (sometimes called an electric-hydraulic governor): A turbine governing

system that uses either analog electronic or digital electrawmigitcy to develop the setpoint signal that is
used to position the control actuators on the hydroelectric turbine. An electrohydraulic interface is used to
convert the electronic setpoint signal into a hydraulic oil flow from a hydraulic servo valve system. The
hydraulic servo valve system determines the position of the turbine control actuators.

4EEE publications are available from the Institute of Electrical and Electrongisdats, Inc., 445 Hoes Lane, PiscatawayQ8855,
USA (http://standards.ieee.org/).

SIso publications are available from the ISO Central Secretariat, Case Postalei®6le Varembé, CH-1211, Geneve 20,
Switzerland/Suisse (http://www.iso.ch/). ISO publications arealsdable in the United States from the Sales Departmengyidam
National Standards Institute, 25 West 43rd Street, 4th Floor, New Motk 0036, USA (http://www.ansi.org/).

5The numbers in brackets correspond to those of the bibliography in Annex A.
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3.4 governor control system: A feedback control system that controls the speed and power output of a
prime mover, such as a hydroelectric turbine. The governor control system @smprisetpoint” or
reference input, a feedback from the speed of the prime mover, optional feedbackshfer parameters as
appropriate for the application, a controller function, and one or more control actuators.

NOTE—Figure 1 illustrates a basic governor control syslem.

Setpoint ——P>
Governor Turbine TQ Turbine Control
Unit Speed ——p» Controller ——p Control — Device (Gates, Blades,
Actuator Needles, Deflectors)

Optional Feedbacks ——>|

Figure 1—Basic governor control system

3.5islanded operation: Operation of a generating unit that is interconnected with a relatively small number
of other generating units, such as may occur after inadvertent tripping of circui¢tsrétakt interconnect

the island with a large interconnected power system. An island of generating capability may feeddscal lo
connected to its electrical distribution system.

3.6 isolated operation: Operation of a generating unit without being interconnected with other generating
units. An isolated unit may feed electrical loads connected to its eddaligtribution system, such as the
equipment within the plant that is powered by the station service system.

3.7 kidney loop filter: A hydraulic oil filtration system in which oil from the system’s sump tank is contin-
uously circulated through a filtration element to maintain the cleanliness leveltofdheulic oil.

3.8 mechanical-hydraulic governor: A turbine governing system that typically uses rotating weights to
measure the rotating speed of the hydroelectric turbine. The setpoint signal used to position the turbine
control servomotors is developed by mechanically linking the speed sensing device, the messdtaoioal

and compensation devices to a hydraulic servo valve system. The hydraulic servo valve systeimedete

the hydraulic oil flow to set the position of the turbine control actuators.

3.9 turbine governing system: A control system that controls the operation of a prime mover. The turbine
governing system may include functions that are not directly related to the governor control of tuddne spe
or power output.

4. Functions and characteristics

This clause describes some of the functions and characterigtisystem elements that are commonly
involved in the specification and design of a turbine governing system.

4.1 Servomotor position feedback

Typically, the servomotor position feedback to the turbine governing system is calibrated at thetkads of
servomotor travel (if possible), since these two points are the most repeatabtinpasihievable. For
wicket gates, there is some “squeeze” near zero percent gateicket gates contact each other before the

"Notes in text, tables, and figures are given for information only and do notreeatairements needed to implement the guide
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wicket gate servomotor reaches the end of its travel. The closing force of the gate servofieatsrtte

wicket gates and their connecting linkages, in effect “squeezing” them and imprbeirsgdling of the

wicket gates against water leakage. The governor system hydraulic pressuréeaoatha amount of

wicket gate squeeze that can be achieved. Therefore, the most repeatdtdecaasibe achieved by
calibrating the zero percent wicket gate position feedback position when the hydraulic pressure supply
system is at its nominal pressure and the maximum achievable gate squgded.

4.2 Servomotor position

There is always some mechanical nonlinearity between the servomotor position and the controlled
parameter, such as the wicket gate angle, wicket gate opening, or blade angle. The@®sm®otor stroke

is usually displayed and used by the turbine governing system. Some manufacturers, however, use
linearizing calibration devices or algorithms to convert the servomotor position feedback to actual gate
angle, gate opening, or blade angle. One benefit of feedback linearization is to make the governor
parameters agree more closely with the turbine model data. For example, if blade control algorithms are
based on gate opening rather than on servomotor stroke, using gate feedback linearization can help correlate
the blade control cam or data map more closely with the actual tuchavacteristics, improving the
efficiency of operation. There is generally little or no impact on the achievable penfmerofithe turbine
governing system by calibrating the servomotor position feedback in this manner.

4.3 Servomotor time

The servomotor full-stroke travel time for hydraulic servomotors is affected byasefeetors. The
mechanical loading of the servomotor affects its rate of travel. This mechanical loadsigts of both
frictional loading (of the turbine control device and its connecting linkages) and dynamicglaz the

water passing through the turbine control device. The dynamic loading of the water passing through the
wicket gates is a function of the wicket gate angle, and this effect is greater nelms#teposition of the

wicket gates. The frictional loading can change as a function of the lubrication ofotfieg parts, the
cumulative wear of these moving parts, and the angle of the wicket gates or runner blades. The dynamic
loading of the water can be affected by the magnitude of the flow, the head across the unit, anathe rate
travel of the turbine control device. Typically, the servomotor time is initially set with the uniteneda

The servomotor time may be readjusted, if necessary, with the unit running.

Servomotor timing devices restrict the flow of hydrawlicto limit the maximum travel rate of the hydraulic
servomotor. Some examples of servomotor timing devices include orifice plates, timing valves, and
adjustable mechanical stops (“stop nuts”) on the distributing valve spool.

4.3.1 Maximum transient overspeed

The servomotor closing time of the primary turbine control device generally affects the matxansiant
overspeed achieved by the turbine as a result of a full load rejectionnémagethere is a maximum
allowable transient overspeed that a unit can experience without resulting in an unacceptalié level
degradation of the rotating components. After a load rejection, the primary turbine control servomotor
should reduce the water flow to the turbine quickly enough to limit the maximum turbine speed to a value at
or below this maximum overspeed specification. During certain portions ofraiheient overspeed
condition experienced after a load rejection, the water flow through the turbine may actually eHimite

the flow cutoff characteristics of the turbine rather than diyelayl the operation of the primary turbine
control device.
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4.3.2 Maximum water passage pressure

The servomotor closing time of the turbine control device that controls the water flow throughténe
passage generally affects the pressure rise in the water passage due to the wateefiecnhergeneral,

there is a maximum pressure that the water passage to the turbine can safely withstand without risk of the
catastrophic rupture of some component of the water passage. The maximum clesoifgtia turbine

control servomotor that controls the water flow through the water passage should not cause the water
passage pressure to exceed this maximum pressure specification.

4.3.3 Minimum water passage pressure

The servomotor opening time of the turbine control device that controls the water flowhthheugater
passage generally affects the pressure drop in the water passage due to the water hammer effeatt. In gene
there is a minimum absolute pressure that the water passage tobihe tan safely withstand risk of
catastrophic collapse of some component of the water passage. The maximung openof the turbine

control servomotor that controls the water flow through the water passage should not cause the water
passage pressure to drop below this minimum pressure specification.

4.4 Cushioning time

The cushioning time is the time of travel from the point at which the cushioning, or slaweglésature

takes effect until the turbine control device is fully closed. Cushioning is a feature that is builtlme t
control servomotors, such as wicket gate servomotors, to soften both the mechanical impactvater the
hammer effect when the turbine control device reaches the end of its travel. If two or more tEs/ango

used on a turbine control device, the connections from the servomotors to the turbine control device
generally need to be adjusted so the cushioning effect becomes effective on all servomotors atitihhe same t
in the closing direction of the servomotor stroke. The cushioning time is generally adjustsomwé type

of flow control valve to set the cushioning time of the servomotors. Generally, each servomotor has a
cushioning time control valve, and these valves should be adjusted so the servomotors egaathe sha
mechanical loading of the turbine control device during the cushioned portion of the servomotoirstroke.
some designs, there is a single cushioning control device for two servomotors.

4.5 Permanent speed droop and speed regulation

Speed droop (also known as “permanent speed droop”) and speed regulation (also known as “power droop”)
are used to coordinate the responses of interconnected units to changes in the system fRequeaont

speed droop can be developed either by using feedback from the wicket gate position (or, sometimes, from
the governor’s position setpoint to the wicket gate actuator) or by using feedback from the unit power
generation. If unit power generation is used to develop the permanent speed droop characteristic, the
permanent speed droop term is usually called “speed regulation” or “power droop.”

4.5.1 Permanent speed droop

Permanent speed droop determines the amount of change in gate servomotor position a unit produces in
response to a change in unit speed. Permanent speed droop (in per-unit terms) is definetaasy¢hin

unit speed (in % rated speed) divided by the change in governor output (% gate position). Permanent speed
droop is usually expressed in terms of a percentage, which is 100 times the per-unit value. Figure 2 is a
block diagram representation of a typical governor controller using permanent spged dro
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bp |

Permanent
Speed Droop

O\ Governor Turbine Unit
Setpoint Controller [ Control = Turbine > Speed
Actuator

Figure 2—Typical governing system with permanent speed droop

The steady-state effect of adding the permanent speed droop feedback loop is a g@enatorgo
characteristic as shown in Figure 3. The value of permanent speed droop determines the slope of the
characteristic curve. A typical permanent speed droop value is 5%, resulting in a unit that changleg spee

1% (0.6 Hz on a 60 Hz system) in response to approximately a 20% change in load (requiring a 8@% chan

in wicket gate position) when operating connected to an isolated load. For a unit edntoeet large
interconnected power system, a unit with 5% permanent speed droop changes its gate position by 20%
(approximately 20% change in output power) if the system frequency changes by 1%

NOTE—Permanent speed droop relates changes in speed (or frequency) directly to changes in wipksttigate
Corresponding changes in turbine power output depend on the gate-to-power ckticaabéithe turbine.

>
(&)
c
S %
o
g
L

| |

I 1

0.5 1.0
Per-unit wicket gate position
Figure 3—Permanent speed droop characteristics
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If two generators with different permanent speed droops are connected to a common load, they share
changes in this load proportionally to their respective permanent speed droop characteeictiose their
rotating speeds are dictated by the system frequency, which is common to the units4 Higstrates the
steady-state load-sharing effect of permanent speed droop upon two units with different pespeedn

droop settings.

Unit #1

f- ¥

Frequency

Unit #2

Pl P2 P'Z Pll

Approximate per-unit output power

Figure 4—Allocation of unit loads with different governor permanent speed droops

It should be noted that if the governors on the interconnected units were adjusted for zero permanent speed
droop, the units would not effectively share the system load. Differences in both the unit respensadim

in the governor calibrations would eventually result in one unit attempting to provide all of the load power
with the other unit being driven toward a motoring condition.

The governor parameter primarily used to control the operation of the unit is the “setpoint,” which is als
known as the “speed reference,” the “speed adjustment,” the “speed-loadhaditisor the “speed changer
setting.” By changing the setpoint, the governor can be set to operate at the system frequenasaedny d
unit output. On a large interconnected system, the setpoint can be used to dispatch the desitieh genera
into the grid when operating at rated system frequency. Figure 5 illustratete#ddy-state effect of different
governor setpoints on the output of the unit at rated frequency and 5% permanent speed droop.
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/Setpoint =105.0%

Setpoint = 102.5%

Frequency

/ Setpoint = 100.0%

0.5 1.0

Per-unit wicket gate position

Figure 5—Unit loading with governor setpoint (at 5% permanent speed droop)

The principle of operation of a unit with permanent speed droop is essentially the same for both small
isolated systems and large, interconnected systems. The steadyystate fequency change after a
significant disturbance, such as a large load trip or a large generation trip, is proportional to the size of the
generation/load change. On an interconnected system, there is ofatea gesulting frequency error than

might be expected from the equivalent permanent speed droop of the units connected to the system (see
Schultz [B41]). This additional frequency error typically results from nonlinear governor charactetistic

units operating either at maximum generation or against their turbine control actuator positsoftitirited

or “nongoverning” operating mode).

It should be noted that, because of the permanent speed droop characteristics of the govaramgsizite
disturbance, the governors alone is not able to restore the system frequency to its predistaitaifes v

60 Hz). The governors respond dynamically to the system disturbance, limiting the frequency distarbance
the permanent speed droop characteristic curve. Trimming out any residual frequency errsulasfaine
remaining load/frequency error may be done manually by operating personnel on small systems, or by an
automatic generator control (AGC) on a large interconnected system.
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Figure 6 shows a frequency recording of a test performed in the Western Electricity Coordinating Council
(“WECC,” one of the North American reliability councils) where 1250 MW of generation was tripped. The
total generation in the system was approximately 111 650 MW. The test was performed with all AGC systems
in the WECC turned off. The settling frequency deviation 90 s after the trip was approximately —0.095 Hz, or
—0.158%. As the 1250 MW generation trip was 1.12% of the total generation in the system, the “effective”
permanent speed droop of the system is calculated to be approximately 14.1%. WECC's policy is to have all
governors set to 5% permanent speed droop. The difference noted between the measuzeent speed

droop and the theoretical permanent speed droop of the system is attributed to several phenomena occurring
within the system, including nonlinearities in governors, which effectively change their permpeedt s

droop as a function of the unit loading levels and a number of machines operating in a limited (i.e.,
nongoverning) mode. The most likely largest contributing factor to the high value of measured system
permanent speed droop is the effect of a significant number of units running in a limited modetafropera

If a unit is, for example, running against its gate limit, it cannot increase its generatiopoinse$o a drop

in the system frequency. The equivalent permanent speed droop of such a limited unit is infinite, vesich rais
the average equivalent permanent speed droop of the system in proportion to the rated generation of the

limited unit.
Frequency Response at 500 kV Gd. Coulee Bus for a 1250 MW Trip of Generation in
Pacific NW on May 18, 2001 - Frequency Response Reserves Test by WSCC, with AGC off
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Figure 6—Example of testing the equivalent system permanent speed droop
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4.5.2 Speed regulation

A “speed regulation” (also known as “power droop”) governing system is similar to a permaeedt sp
droop governing system, but with unit generation being used as the intermediate feedback from the
controlled process instead of actuator position. Adding a portion of the unit power generationkie¢edba
offset the detected unit speed error develops speed regulation. Figure 7 is a block diagrantatpnese

a typical speed regulation governing system. The controller setpoint may be calibrated iof tdesised

power output (e.g., megawatts) from the unit. The governor characteristic responseded aegulation
governor controller is essentially the same as the permanent speed droop charadésgsitied in

Figure 3, except that the “per-unit output” axis is in terms of generated power rather than acititor.
Generally, a speed regulation characteristic can be beneficial when accurate di$pgeceration is
required for system operation, or when a unit is required to operate at a constant base geseshtion |
despite any changes in operating head of the unit. However, using this type of feedback as the primary
control feedback tends to de-stabilize governor operation if the unit ever experiences operasomatn a
islanded, or isolated system.

Generation
Setpoint
Speed
Regulation
+
- Unit Generation
Ry | s
+

o + Turbine Turbine & Power
R %OO/O gggﬁ)ﬂg: — Control —#»{ Water Generator P output to
ererence d Actuator Column grid

Unit Speed

Figure 7—Governing system with speed regulation

Generally, governing systems using speed regulation are only appropriate for units that are generating int
large interconnected system, where the output of any single unit cannot have a significant impact on the
system frequency. As with permanent speed droop governors, speed regulation governors respond to
disturbances in the system frequency with changes in unit output that reduce the effentslfofemé&ration
imbalance within the interconnected system. Using speed regulation governors on relatively small or
islanded systems can result in the units responding in a manner detrimental to thestglstiynas a result

of changes in system loads or other electrical system disturbances.

Synchronizing a unit with a speed regulation governor can sometimes be more difficult than with a
permanent speed droop governor. This is because, with the unit breaker open, there is no powktdéeedba
produce the permanent speed droop characteristic and the unit is essentially operating at zeemtperma
speed droop when synchronizing. A turbine governing system is inherently less stable at zero permanent
speed droop, because a permanent speed droop feedback adds some degree of stabilizingartfieence t
control loop. The operating characteristics of some turbines at speed-no-load accentuate thce.influe
Operating the unit governor with conventional permanent speed droop when synchronizing, and then
switching to speed regulation operation after closing the unit breaker, can avoid this stabiléynprobl
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A speed regulation unit is inherently less stable than a permanent speed droop governor because additional
dynamic influences from the water column are included in the primary feedback path (genera@apowe

the turbine governing system. The differences in these control systems can be seen by céigpaeii2g

with Figure 7. This difference in control loops generally requires that the speed regulation governor’'s
damping adjustments (e.g., proportional plus integral plus derivative (PID) gains) befour&dwer

governor compensating action to achieve stable control using speed regulation. Additionafhic dyaiter
conditions such as draft tube surging have an influence on the generated power of the unit. Taesesnflu

can result in undesirable movement of the turbine control actuator unless appropriate compensating
measures are taken within the governor controller.

It is important to note that if a speed regulation governor controller uses a generation setpoirgatatibrat
units of generation (e.g., megawatts), the unit controls at its setpoint generation lgwehenlthe unit

speed is at the 100% reference level. The composite error input to the governor controllémaligatie
summation of the generation error (multiplied by the speed regulation constant) and the speed error. Thus,
the steady-state unit generation is a linear function of the unit speed, similar in nature tomtrepespeed

droop curve shown in Figure 3. The slope of the power droop characteristic response is determined by the
speed regulation constaRt

4.6 Governor speed deadband

The governor speed deadband is a measure of the smallest speed change that caadardetesponded

to by the turbine governing system. For a hydroelectric generating unit operating into an isolatedisystem,
governor speed deadband determines the smallest band within which the unit can maintain the system
frequency under steady-state loading conditions. Typically, a governor speed deadband of 0.02% is
achievable and is commonly specified for hydroelectric turbine governing systems. Increaaimguiné of

speed deadband in a turbine governing system decreases the accuracy of frequency control that the
governing system can achieve. Increased deadband also results in an increase in governor deadtime

4.7 Blade control deadband

The blade control deadband is a measure of the smallest change in blade position thetipoart be
detected and responded to by the blade servomotor positioning system. The blade control deadband
determines the accuracy of the gate/blade relationship for artada@sblade turbine. The accuracy of the
gate/blade relationship determines the efficiency of the turbine as well as the amount tidnviand
cavitation produced by off-peak operation. Typically, a blade control deadband of 1.0% isdetaenhis
commonly specified for hydroelectric turbine governing systems. Increasing the amount of blade control
deadband decreases the accuracy of positioning the blades as a function of gate position. e resulti
deviation from the ideal blade position reduces the efficiency of the turbine. This reduction in turbine
efficiency may result in loss of revenue due to the reduced efficiency, increased cavitatageda the

turbine runner, and increased vibration damage to the turbine, generator, and bearings.

4.8 Governor deadtime

The governor deadtime is a measure of the amount of time elapsed between a changetintspeest
corrective action by the hydroelectric turbine governing system. The governor deadtime affects the peak
overspeed after a load rejection as a result of the delay in governor response tngspeisd of the unit.

The governor deadtime also affects the stability limit as achieved via the governor gain jensation)

settings. Deadtime adds phase lag to the governing control system without a corresponding decrease in gain.
This limits the amount of compensating gain that can be used in the governor contr@léimitétion in

governor stability requires the governor gains to be reduced to maintain control systéiy. Saliuction

of governor gains makes the governor system slower to respond to system disturbgpicedly, a

governor deadtime of 0.2 s is achievable and is commonly specified for hydroelectric turbinengpverni
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systems. However, modern control systems can often achieve shorter deadtimes due to improved control
valve and control algorithm design.

4.9 Stability

The stability of a turbine governing system can be expressed as a damping ratio or as arsettlifigpse
guantities cannot be measured directly, but they can be deduced from theesheasponse of the unit in
response to a specified disturbance. Another method of specifying the stability of a governing system is to
specify the relative size of successive peak deviations of the controlied &fper a disturbance. Typically,
specifying the desired damping ratio and the settling time sufficiently defines the desireity stallil
responsiveness of the unit. As with many control systems for nonlinear processes, turbine speed governing
systems may exhibit small oscillations around a steady-state operating point that are rnedeodlze
deadbands and nonlinearities of the system rather than to the stability of the getérol s

4.10 Rated speed

The rated speed is the speed at which the generator frequency is at its rated valgenéthtor is directly
coupled to the turbine, the rated speed of the turbine is the same as the rated speed of the generator. If a
speed increaser is used, the rated speed of the generator is greater thtedtspeed of the turbine.

4.11 Overspeed

Any speed greater than the rated speed is referred to as overspeed and is typically eagpeepsecent of
the rated speed (e.g., 125% of rated speed is an overspeed condition). Sometimes, overguesdeas as
a percent of unit speed in excess of 100% rated speed (e.g., 10% overspeed = 110% of rated speed).

4.12 Underspeed

Any speed less than the rated speed is referred to as underspeed and is expressed as a peratatt of the r
speed (e.g., 25% of rated speed is an underspeed condition).

4.13 Maximum momentary speed variation

The maximum momentary speed variation is the maximum change in unit speed when the unit load is
changed by a specified amount. This variation is expressed as a percent of ratedrepsieé. df the load
change, the characteristics of the turbine, the rotating inertia of the unit, the water gwutian and the
responsiveness of the unit governor determine this maximum momentary speed variation. Themmaximu
momentary speed variation generally occurs when the unit governor responds to the change in unit speed
and begins to return the unit speed toward its rated value.

4.14 Runaway speed

The runaway speed of a unit is influenced primarily by the turbine characteristics. Typical runavesy spee
for reaction turbines range from 140% to 190% of rated speed for fixed-geometry turbines, and from 200%
to 350% of rated speed for adjustable-blade turbines. Typical runaway speeds for tomites range

from 180% to 200% of rated speed. To avoid false operation of speed-related functions, the turbine
governing system should be able to accurately measure and display unit speeds up to the peeahy s

the unit.

Documents

12 Copyright © 2004 IEE. All nght&yesaive@nt Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 11:53:09 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1207-2004


http://www.avadocuments.com/doc/ieee-1207-2004
http://www.avadocuments.com/doc/ieee-1207-2004

IEEE
FOR HYDROELECTRIC GENERATING UNITS Std 1207-2004

4.15 Rated head

The rated head, as stated on the turbine nameplate, may be based on severakdiffegatibns. Often, the
rated head is stated in terms of net head, which is the net pressure drop across the turbiaejustadror
the change in kinetic energy of the water as it passes through the turbine. The rated headbesstatisd

in terms of gross head, which is the net elevation difference between tiveakeradnd the tailwater. The
turbine is designed to operate over a range of head that reflects the normal head rangy that m
experienced during normal operation. The turbine nameplate rating may be stated as the npaimum
output achievable at the minimum operating head, and it may also be stated as the n@uetoutput
achievable at the maximum operating head. The nameplate convention used can eamgindegn the
turbine manufacturer, the country of origin, and the requirements of the owner.

4.16 Steady-state governing speed band

The steady-state governing speed band is a measure of the peak-to-peak speed deviations that occur when
the turbine governing system is controlling the speed of the turbine. This stability index is discussed in mo
detail in 7.1.1.1. This performance index is intended to represent the peak-to-peak speed deviatidns caus

by the turbine governing system. In 9.2.7, a more detailed discussion of the interpretation afihstate

governing speed band is presented.

4.17 Steady-state governing load band

The steady-state governing load band is a measure of the peak-to-peak deviations in generated power that
occur when the turbine governing system is controlling the generation of the hydroelectric unit into a large
interconnected power system. This stability index is discussed in more detail in 7.1.1r2edsisement is

done under constant-generation conditions, and it determines the peak-to-peak power deviatidrg/ cause
the turbine governing system. Disturbances in unit-generated power induced by irregularities irowater fl
through the turbine should be excluded from the steady-state governing load band. Disturbances in unit
generated power can also be induced by the actions of the excitation system for thmigedermally,

these disturbances are also excluded from the steady-state governing load band. However, if the turbine
governing system is integrated into the same controller packagee asxtitation control system, the
composite of disturbances caused by the turbine governing function and thécexcivatrol system may

be considered in computing the steady-state governing load band.

4.18 Speed

The instantaneous speed of the turbine is typically expressed either in percent of rated speed or in
revolutions per minute. Normally, all speed-related indication, control, and protection functions use the
same units of speed measurement.

4.19 Speed reference

A speed reference is either a fixed or an adjustable setting, usually expressed astagecoteated speed,

which is compared with the actual speed of the turbine. An adjusta#d spference, sometimes called the
“speed changer” or “speed adjustment,” is often the primary setpoint to the tgdviemning system that is

used to synchronize the unit to the interconnected power system. The speed refelsnagftisnaused to

load the unit once it is paralleled to the interconnected power system. If a different governing system
setpoint is used during online operation, such as a power setpoint or a flow setpoint, a fixed 100% speed
reference is typically used for computing the unit speed error within the governing algorithm.
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4.20 Speed deviation

The speed deviation (also known as “speed error”) is the instantaneous difference libtwvepaed
reference and the actual turbine speed, usually expressed as a percentage of rated speed. Tatgpeed de
may be used, via an adjustment of the speed reference, to controkiithierbine speed or the generator
power output.

4.21 Power output

The power output of a generator is generally measured at the generator terminals, in eitfadts kilo
megawatts. Typically, some electrical power is consumed during its operation for excitatitvaulic
pumps, and other equipment. The electrical power available fosntiasion to users outside the
hydroelectric generating station is the difference between the power output of theéaysreerd the power
consumed within the station.

4.22 Rated power output

The rated power output of a generator is generally stated in terms of megawatts or kilowafieatied
power factor and temperature rise. A generator may have more than one rated power outputnif differe
temperature rises or power factors are also specified.

The rated power output of a turbine is generally stated in terms of kilowatts or megawatts chhaicad
power output of the turbine is generally not measured directly because of the difficulties inimgestsafit
torque.

4.23 Maximum power output

The maximum power output of the hydroelectric unit with maximum head and maximum gate may be
greater than the generator can safely sustain for extended periods of time due to generator heating. If the
maximum turbine output is significantly greater than the rated generator output, there may be afdanger
slipping generator poles.

4.24 Governor controller

The governor controller accepts a setpoint command, compares this command against the feedbaek from
controlled process, and positions the turbine control actuator. The following subclauses discuss some of the
types of governing controllers commonly used in the hydroelectric generation industry at the time of
publication of this guide.

It is important to note that one common characteristic of all governor controllers is a responsivergess to th
speed of the unit. Sometimes, when a unit is synchronized to a large interconnected systmsitihigy of

the turbine governing system to the unit speed is disabled as a result of certain operatogs p@omon

within the hydroelectric generating industry. A turbine governing system may be operated ity gisie

limit, or an artificial speed deadband may be tuned into the speed-sensing portion of the governor controller.
This may be done to reduce unwanted control action induced by system frequency fluctuations or other
control system irregularities. In these instances, the turbine controllers are no longer functioning as
governing systems, and these units are not able to participate in unison with the governing systems of the
other units connected to the power systemadhaidedicated to maintaining the system frequency.
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4.24.1 Temporary droop controller

A temporary droop governor controller uses a feedback function from the governor actuator position to
“temporarily” cancel part of the error between the governor setpoint and the unit speed featimck
feedback function may be described as a lead-lag, a reset, a washout, or a filieadidel&unction. The

net error resulting from this summation is integrated by the governor controller to position the turbine
control actuator. The temporary droop feedback within the governor controller helps to stabilize the control
of unit speed by reducing overtravel of the turbine control actuator. Typical stabilizing adjustments for
temporary droop governor controllers are error integration gain, temporary droop (in percent), and damping
device time constant (in seconds). Originally, temporary droop governor controllers were implemented
using mechanical devices such as floating levers (for summation and gain functiondasipots (for
stabilization using temporary droop). This same controller strategy has also been implebwhtin

analog and digital electronic control systems. A temporary droop governor controller is approximately
equivalent to a proportional plus integral controller. A functional block diagram for a temporary droop
governor controller is shown in Figure 8.

Restoring
Linkage

Permanent
Speed
Droop

Valve & To Turbine Control

Setpoint Servomotor Device

] Integrator
Unit Speed

Dashpot |«

Temporary Droop

Figure 8—Typical temporary droop governor controller

4.24.2 PID controller

A PID governor controller uses proportional plus integral plus derivative terms to process its error input into
a command signal to the turbine control actuator. The proportional term produces a control action
proportional to the size of the error input. The proportional term produces an immediate response to an error
level input, and typically, it has a significant influence on the stability of the goverstahsyThe integral

term produces a control action that accumulates at a rate proportional to the sizerobrthieput. The

integral term works in unison with the proportional term to determine the stability of the governed system.
The integral term also trims out the error input to the governor controller to determine the sttea
accuracy of the governed system. The derivative term produces a control action that is proportional to the
rate of change of the error input. The derivative term helps to extend the stability limits of the governed
system by allowing higher proportional and integral gains while maintaining a stable contesh.syst
Typical stabilizing adjustments for a PID governor controller are proportional gain, integraiingaive¢se
seconds), and derivative gain (in seconds). PID governor controllers have been implemented in both analog
and digital electronic control systems. A functional block diagram for a typical PID governor corigolle
shown in Figure 9.
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Kp is the proportional gain, p.u.,

K; is the integral gain,‘%,

Kq s the derivative gain, s,

bp is the permanent speed droop, p.u.,
s is the Laplace operator.

Figure 9—Typical PID governor controller

4.24.3 Double-derivative controller

A “double derivative” governor controller is a variation of the PID governor controller. In this governor
controller strategy, a proportional term, a first derivative term, and a second derivativprteess the

input error. The summation of these three terms is then integrated by the output stage of the governor
controller. This final integrating stage may be either an electronic integnatohydraulic integrator. The
double derivative governor controller strategy can result in a lower overspeed peak upon startup of the unit,
and it can result in a smaller overtravel of the turbine control actuator when a position Imigatteased,

when compared with a corresponding PID controller. This controller strategy also elimiratksivative

and proportional influences from changes in the setpoint. Typical stabilizing adjustmentsidabla
derivative governor controller are the first derivative gain (similar to the PID proportional term), second
derivative gain (similar to the PID derivative term), and the overall integral gain. A functionlaldimram

for a typical double derivative governor controller is shown in Figure 10. Other structures may be
implemented to achieve the same functionality as described in Figure 10.
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K, s the first derivative gain coefficient, s,
K, isthe second derivative gain coefficiertt, s
Kt  is the overall integral gain,‘%
bp is the permanent speed droop, p.u.,
S is the Laplace operator.
Figure 10—Typical double-derivative governor controller
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4.24.4 Feedforward controller

Feedforward is a predictive control strategy that can be used in conjunction with adlolas controller

to achieve a faster response to a change in setpoint without compromising the contribution of the unit
governor controller to the overall system stability. Historically, many governing units were switched t
separate set of online damping parameters (also known as “dashpot bypass” or “online gains”) when
synchronized to a large interconnected system. These online damping parameters allowsat tthe u
respond quickly to power dispatch commands. The unit derived its speed stability frotariterinection

with the large interconnected power system. However, the high gains from speed to wickatgdteause

the system frequency to become unstable if the unit became islanded from the grid or if high ordine ga
were used on a significant portion of units on the grid. Figure 11 shows how the setpdiotwasd
strategy is used with a typical closed-loop governor controller.

Effective Hecad ——
Feedforward
Curves
Setpoint Xy .
Governor + To Turbine Control
. Controller Actuator
Unit Speed —————— P>
Figure 11—Typical governor controller with speed feedback and setpoint feedforw ard

It is important to note that a feedforward strategy be designed for operation only while the unit is paralleled
with a large interconnected power system. The feedforward function is typically disabled whatingpe
off-line, or when the unit becomes islanded or isolated, as detected by a significant distimitéwecunit

speed. If a unit's generation versus gate position characteristics are not significantly @dflbgrie unit's
operating head at a particular installation, the feedforward function may be simplifiedniayaghg the
effective head input. If, however, the unit's generation versus gate position charactegssicgmidicantly
influenced by other operating parameters, such as the flow through other units sharing the same wat
passage, these conditions should be accommodated by the feedforward curves to achieve acceptable
performance by the governor controller. If the factors influencing the unit’s generation versus gate position
characteristics become too complex, it may be more expedient to eliminate the feedforwiod fuom

the governor controller strategy and depend on the governor controller gains to provide the desired online
response to the governor setpoint.

4.24.5 State space controller

A state space controller is a predictive control strategy, and it may be used to optimize the @fsponse
well-defined system by modeling the system characteristics and taking the control reetessary to
achieve the desired control response. An accurate model of the controlled process is required to implement a
state space control strategy. A state space control system may be used in conjunctideesidack control

system. The purpose of the feedback control system is to trim out any errors that may occuulasfa res
inaccuracies in the state space controller model. A functional block diagram of a typicadpstete
controller with a feedback control trim function is shown in Figure 12.
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Figure 12—Typical state-space controller
4.24.6 Impulse turbine controller

An impulse turbine presents a unique challenge for a turbine governing system. The impulse turbine needles
control the flow of water into the turbine. As many impulse turbines use relatively long water conduits, the
water hammer effect can be significant, requiring a relatively long needle servomotatimgpéme. To

achieve the desired dynamic operation, many impulse turbines include deflectors that diveatethe
stream away from the turbine buckets, thus removing some or all of the water energy from tkee turbin
runner. The deflectors do not affect the flow rate of the water in the conduit, so the deflector servomotors
may operate at relatively fast servomotor timings.

4.24.6.1 Water-saving control mode

A water-saving control mode for an impulse turbine achieves maximum turbine efficienmsitipning

the deflectors outside the water stream, thus allowing all water discharged from the tuebdles to
impinge on the turbine runner. To reduce the deadtime of bringing the deflectors into the water stream when
needed, the deflectors are often placed as closely as possible to the tdgeater stream using either a
two-dimensional function based on needle servomotor position or a three-dimensional function based on
needle servomotor position and turbine operating head. Figure 13 is a block diagram represehéati
classical water-saving governor controller strategy for impulse turbines.
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Figure 13—Classic water-saving governor controller for impulse turbines
4.24.6.2 Water-wasting control mode

Deflectors can be used to rapidly decrease the amount of water that impinges on an impulseitumine
However, if the deflector is outside the water stream, it cannot rapidly increase the amount of water
impinging on the turbine runner. If an impulse turbine is used to control the frequency of an isolated
electrical system, the deflectors can be positioned slightly within the water stream to allow fguidhe ra
increase of water flow to the turbine runner in response to an increase in electrical load connected to the
system. It is important to note that when the deflectors are in the stegam, their action dominates the
control of the turbine speed. Because deflector motion does not result in a water hamménefjegernor

can be tuned to be very responsive in this mode. Once the deflectors are out of the waterhstyeson, t
longer have any effect on the turbine operation. At that point, only the needles have an effect on the turbine
operation. If a water-wasting mode of operation is specified, it should specify a method of determining the
amount of hydraulic power to be deflected away from the turbine runner. This determines the amount of
load acceptance the turbine can handle while keeghieagleflectors within the water stream. Any water-
wasting mode of operation should have a method of coordinating the dynamic response of the turbine
governing system when the deflectors are within the water streawtsmmdthe deflectors are outside the
water stream. When operating in a water-wasting mode, the deflectors continuously deflecvaraferra

the turbine runner. The deflectors should be designed to withstand the erosion effects of operating in this
mode for extended periods of time.

4.24.6.3 Needle sequencing

To achieve higher operating efficiencies at different power levels, anlsmpurbine may sequence its
needles to use different numbers of needles to operate at different power levels. Normally, sets of needles
are used that are symmetrically spaced to minimize the radial loaflthg turbine guide bearings. Switch

points for operating with 2, 3, 4, or 6 needles (for example) should be determined from the crossover points
of the turbine efficiency curves.
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4.24.6.4 Needle/deflector dynamic coordination

To optimize the dynamic operating characteristics of the impulse turbine goveystegnsthe governor
controller may have separate compensating gains (e.g., PID gains) for operation with therdefiihin

the water stream and with the deflectors outside the water stream.Wwathiboth the deflector servomotor

and the needle servomotor can respond simultaneously to a frequency disturbandéecthefethese
respective servomotor responses are determined by the mode of operation (e.g., water-saateg or
wasting). This approach should have some method of returning the deflectors and needles to the desired
relationship during steady-state operating conditions. Figure D.4 is a block diagram repoesehtatiual-

loop governor controller strategy for impulse turbines.

4.25 Stabilizing adjustments

For any turbine governing control system to achieve the desired performance, it should be tuned to
accommodate the characteristics of the turbine, the water inertia, the rotaig,iand the load
characteristics. Annex F summarizes some methods used to tune governing systfndesBriptions of

some typical stabilizing adjustments, and their impact on performance, are providedlin-42%.6.

4.25.1 Temporary droop

Temporary droop is used to limit overshoot of the ingtzontrol servomotor during a transient condition.
Temporary droop may be developed either mechanically or electronically in the governing controller.
Mechanically, connecting a dashpot (hydromechanical lead-lag, or reset, device) developsyeinpopa

from the wicket gate position to the governor error summing point. Electronically, temporary droop may b
developed by adding a filtered derivative of wicket gate position to the governor error summing point, or it
may be approximated as a PI controller.

4.25.2 Time constant of the damping device

The time constant of the “damping device” determines the rate at which the effect ohploeatey droop
decays to zero. If temporary droop is developed mechanically with a dashpot, this time ¢srstasted

with a needle valve to determine the equalization time of the dashpot pistons. If temporary droop is
developed electronically with a filtered derivative term, the time constant of the damping devici#tsrthe

time constant of this derivative term. If temporary droop is approximated by using a Pl controller, then the
time constant of the damping device may be approximated as the proportiondivgied by the integral

gain.

4.25.3 Integral gain

Integral gain produces a controlling action that is the time integral of the governor leornar in a Pl or

a PID governor controller. Integral gain is also known as “reset,” and it acts to troorttreller error to a
value of zero. The rate of trim is proportional totbtite magnitude of the error and to the integral gain
setting. Integral gain is defined as the rate of change (in percent/second) of the integrator outpiubylivide
the governor controller error (in percent).

4.25.4 Proportional gain

Proportional gain produces a controlling action that is proportional to the magnitude of the contmlier er

a Pl or a PID governor controller. The proportional gain contributes an immediate response to a governor
controller error. Proportional gain is defined as the magnitude of the proportional element output (in
percent) divided by the magnitude of the governor controller error (in percent).
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4.25.5 Derivative gain

Derivative gain produces a controlling action that is the time derivative of the governor controlleFlgeror
derivative gain term acts to limit controller overshoot by reducing controller action proportionalr&tethe

of change of error input to the governor controller. Derivative gain is defined as the magnitude of the
derivative element output (in percent) divided by the rate of change of the governor controller error input (in
percent/second).

4.25.6 Permanent speed droop

Permanent speed droop determines the amount of change in output a unit produces in response to a change
in unit speed. Permanent speed droop can be developed either by using the wicket gate positiongr by usi
the unit power generation. If unit power generation is used to develop the permanent speed droop
characteristic, the permanent speed droop term is sometimes called “speed regulamniesrdroop.”
Permanent speed droop (in per-unit terms) is defined as the change in unit speed (in percent dated spee
divided by the change in governor output (percent gate position or percent rated power generation).
Permanent speed droop is often expressed in terms of a percentage, which is 11b@ tresnit value.

For isolated or islanded operation, the permanent speed droop, if derived from the turbine control
servomotor position, can help to stabilize the unit speed control by providing an intermediatekidledba

limits the overtravel of the turbine control servomotors while controlling the unit speed. For operation while
synchronized to an interconnected power system, the permanent speed droop determines the amount of
participation the unit produces when responding to disturbances in system frequency. This participation
should be coordinated with the other interconnected units to assure stable operation of the power system

4.26 Water inertia time

The water inertia time (often called the “water starting time”) affeetsathter hammer effect of changing

the water flow through the turbine using the primary turbine control device, such as the wickeTlgates.
parameter also affects the small signal stability of the frequency control syildterdynamic performance

of the control system is very much dependent on the penstock waterT{jm&,, is a simplified
approximation of the relative inertia of the water column, and it does not include the effects of wave time on
the dynamic influence of the water column. Water starting time is normally calculated for the unid at rate
generation and at rated head. Other turbine operating conditions have different effective wiatptistas.

For a simple penstock system, the classical treatment of water startcimputes its value as in
Equation (2):

Tw = Q/gxHY L/A )

where

Tw  is the water start time, s,

Q s the rated water flow, s,
g is the gravitational acceleration, f/s
H is the rated operating head, m,
L is the length of a given portion of water column with constant area, m,
A is the cross-sectional area of the corresponding portion of water colfmn, m
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Normally, dynamic performance degrades with increa${ggAs Ty is directly proportional to the length of

the penstock, control performance degrades with increasing penstock length. The computation of the water
start time is meaningful only if the water start time is relatively short. For very long penstocisvine

travel time of the water column becomes significant, and the reflected pressureimtéhess/ater column

cause the preceding treatment of water start time to no longer be valid. When the wave travel time
approaches 25% of thgy, the classic value ofyy should not be relied on, and the performance of the
turbine governing system should be evaluated by considering the effects of both the water stering tim

the wave travel time.

On long penstocks, a surge tank is often added. A surge tank consists of a branch in the water passageway
that is typically vented to atmosphere. The elevation of the surge tank’s vented end stsuffitieat to

prevent overflowing of water under normal operation of the unit. The surge tank reduces theceffater

starting time by absorbing some of the inertial effects of the water flow, temporarily providit@yiog s

water from the penstock in response to pressure changes within the penstock (see Chaudhry and Hanif [B6]).
The surge tank also reduces the effect of the traveling pressure wavewaténecolumn upon the unit
operation by reflecting the pressure wave back toward the unit. This reduces the effective watiengav

making it less likely to impact the performance of the turbine governing system (seleaBangdB37] and
Trudnowski and Agee [B42].

4.27 Mechanical inertia time

The mechanical inertia time (often called the “mechanical starting time,” [sei&@y(3)] and the inertia
constant [see Equation (4)] are normally used to characterize the mechanical inertia ofittiepartes:

Ty = | xw’/P ®3)

Tm  is the mechanical inertia time, s,
I is the combined rotating inertia of generator, turbine, shaft, flywheel, and genspeed
increaser, kg-f

P is the rated power output of the unit, W,

W is the rated rotational speed of the turbine, rad/s.

H=Ty/2 4)
where

H is the inertia constant, s.

Experience has shown that the turbine rotating inertia is normally approximately 5% of the generator
rotating inertia. The choice of generator inertia is an important consideration in te diesihydroelectric
plant, as outlined in the following:

The speed rise of the turbine-generator unit under load rejection conditions is inversely prdgoriigna

(and thus inertia). Choice of plant design parameters involves optimization of unit inertia, effective gate
closing time, and penstock design, to control pressure rise, speed rise, and cestsinyity, (rotating

inertia) reduces the maximum transient speed rise, but at additional cosioalditertia may be provided
either by increasing the mass of the generator rotor or by adding a flywheel.

The inertia constantd, also has a significant effect on electrical system transientistabs this factor
influences the speed with which energy can be moved in or out of the generator to control the rotor angle
acceleration during system fault conditions.
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4.28 Impact upon stability

Both the water inertia timeT(,), also known as the “water starting time,” and the mechanical inertia time
(Ty), also known as the “mechanical starting time,” affect the achievaintrollability of the turbine
governing system. One benchmark that is often used to estimate the controllability of a hydroelectri
generating unit's governing system is the ratio offijdo Tyy. Although steady-state stability can generally

be achieved for essentially afy,/Tyy, ratio (see Wozniak [B44]), a ratio of approximately 1:1 is often
considered to be a practical lower limit for achieving acceptable controllability forokateid unit that
experiences normal load transients. Classically, many older hydroelectric generating unjéThachtios

in the range of 3:1 to 4:1. Older mechanical-hyticagovernors using a temporary droop type of governor
controller strategy could generally achieve acceptable controllabilityjoF,y ratios as low as 2:1. Units

with lower Ty,/Tyy ratios, down to approximately 1:1, generally require electrohydraulic governors using a
PID (or similar) type of governor controller strategy to achieve acceptable controllability

4.29 Automatic generation control

An interconnected power system consists of a number of control areas (each consistingrofmane

power companies) interconnected with each other through tie lines. In each control area, aocepittal<
controlled AGC system controls to a target steady-state frequency and the net tie-line yuhaeges
between the control areas in the interconnected system. Generation and frequency contnoérotinued

on a decentralized basis. Each control area tries to maintain the amount of generation equeet t
internal load, adjusted by the interchange demand. The frequency of the interconnected system is
coordinated and maintained by the cooperative operation of all interconnected control areas

Before the development of AGC, speed governors provided frequency control. This often placed an
excessive burden on the governing systems of a few units. Furthermore, after a disturbance, gatlernors
permanent speed droop could not restore frequency to the predisturbance frequency level. With AGC, the
governing burden is distributed among many units at various plants so that each unit asstagekiing

share depending on unit capability, unit response, transmission availability, ecdmaading, and so on, as
determined by the control area operator. The net interchange of power with neighboring control areas is
maintained using real-time power measurements of all tie lines. After a sgistembance, such as a large
generator outage when the system settles to a lower frequency (determined by timepespeed droop
settings), the AGC-controlled units increase their generation level to restore the systemcjrequien
predisturbance level. In small systems without AGC, operators perform this tiestooé frequency
manually on the governor frequency or power reference settings.

The AGC interfaces with the unit turbine governing systems either directly or via a plant-level control
system. The AGC system issues raise/lower commands to adjustpbimtstor the unit or station control
system, or the AGC system may issue a level setpoint (generally in terms of power generation) teedeterm
the desired output of the unit or of the plant.

Hydro plants that are capable of rapid response are good candidates for AGC. Onehappohieve rapid

stable response is to use setpoint feedforward within the turbine governing systeapprbach allows the
governor stabilizing parameters (i.e., gains and damping adjustments) to be adjusted so the thigdroelec
generating unit contributes to the frequency stability of the interconnected system, and the feedforward
function achieves the desired unit responsiveness.
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4.30 Efficiency optimization

On a unit basis, the efficiency of an adjustable-blade turbine may be optimized by use of a blade/gate
relationship that is also dependent on the operating head of the unit. By positioning the turbine tdades as
three-dimensional function of both gate position and operating head, the operating efficiency of the turbine
is optimized, based on the most recent turbine efficiency testing of the turbine that produced tleelgate/b
relationship used in the blade controller. This optimization strategy is ofted taideblade control.”

With the proliferation of modern computer-based control systems, software is sometimes applied to
optimize the operational efficiency of hydroelectric generating stations. These optinsigitvgare
programs normally reside in the plant control system with control interfaces to the unit governor control
systems. These programs contain representations of the unit efficiewes for various operating heads as
determined from test measurements. Optimization of the station’s output is baseéestalpished
algorithms, which determine the unit generation levels to maximize the efficiency of the station under all
conditions. Although these optimization programs usually reside outside the unit governing system, they
typically interface with it through a station-level communication system.

In addition to the plant optimization control link, these optimization programs may also iatesitacthe

unit governors to optimize the unit efficiency of adjustable-blade turbines. This optimizatib@nigione

by computing a “cam offset” value and by transmitting this offset value to the unit governor’s blade control
algorithm. The blade control optimization program may compute this cam offset as a functioruoit the
output, the unit flow, and the unit operating head. The blade control cam offset can be optimizeithesing e
the unit generation or the calculated unit efficiency as the parameter to maximgepiimization strategy

is sometimes called “automatic index testing.”

When implementing an optimization system, the amount of additional control activity that results from the
optimization process should be considered. If the optimization system continuously Séareimeoptimum
operating point, this may result in excessive movement of the unit governors. The resuleatdsisive
movement can be both increased wear of the turbine control actuators and the turbine controlrdksices a
reduced overall operating efficiency because of the increased percentage of time thestatibm is
operated off its peak efficiency. Typically, this situation is avoided by “locking in” theputed
optimization parameters for an operating point so that operating point is not reoptimized again until the
optimization system is commanded to do so. An optimization systainudles stored efficiency curves to
schedule the operating levels of the units in a station does not typically exhibit the g excessive
searching activity.

5. Elements of the turbine governing system

As with any conventional control system, a turbine governing system comprises three basic compenents: th
setpoint controller, the actuator or actuators, and the controlled process.

5.1 Setpoint controller

The setpoint controller portion of the turbine governing system determines the basic operating function of
the hydroelectric generating unit. The operating parameters and controller strategy used in the setpoi
controller determine what conditions the turbine governing system responds to, and what action is taken by
the turbine governing system.
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Hydroelectric generating stations are sited for diverse reasons. Energy generation ceittteibéhe
primary justification for the project or it could be a mere byproduct of the project that was justified for other
reasons. For example, hydrogeneration may be an ancillary component in an irrigatiorgrflesayvoir-

level control project. In these instances, water flow or reservoir levels are the primaryledntaoiables.
Whenever hydrogeneration capability is added to a project, control takes on new dimensions.

To be useful, the output of a hydroelectric generating station should have defined performance requirements
for power, voltage, and frequency. The hydrogenerator, with its own specific unit control system, should be
in harmony with the load or the grid to be supplied, and the total system should be stable @ risinie

supply of electrical energy.

5.1.1 Error computation and processing

A typical governor’s setpoint controller subtracts the process output (speed) from the setpoint input (speed
reference). The error processing elements of the governor perform operations on the input—output difference
(the error) to arrive at a correcting command for the actuators. The most common abptamkss outputs

for a hydroelectric turbine governing system are unit speed and generated power.

5.1.1.1 PID control

A common computing algorithm is the PID. Speed or power errors, or both, are inputs to a typical PID
governor on a hydroelectric unit. The PID gains should be independently adjustable to achiesadtie de
dynamic performance. There are several possible structural implementations of thélbasiontrol
algorithm that have been used in hydroelectric turbine governing systems.

5.1.1.2 Gain scheduling

The characteristics of a hydro turbine can vary significantly over its operating rangenéidris that if the

turbine governing system is tuned for optimum performance at one operating point, its peréomasrize
different at a different operating point with those same gain settings. With a sihglé gains for the

turbine governing system, the system is typically tuned at its “worst case” operatingapdittie resulting
performance at the other operating points prevails. One method to approach optimum performance at all
operating points is to use a schedule of gains based on some operating patathedsrgeneration level.

With this method, the unit is tuned for the best achievable performance at several differeirtg|marels

and the gains are stored in a data map that is used to set the controller gains asnaofutinet operating

point. Gain settings between the stored data points can be interpolated to yield smooth traesitieas
operating levels.

5.1.1.3 Adaptive control

Adaptive control is a technique used to automatically adjust the dynamic charasteisthe control

system to achieve optimum performance at any operating point. This technique also compensates for
changes in unit characteristics and other system parameters. Although adaptive control cacatlyeore
provide optimum performance under all conditions, the additional actuator movement inherent to many
adaptive control approaches can have a negative impact on the longevity of many unit components. The
term “adaptive control” is broad in scope. Many control techniques used in conjunction with feedbac
control systems, such as feedforward, gain scheduling, and 3D blade control, also fit the general definition
of adaptive control.
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5.1.1.4 State space control

State space control is a control technique that uses more infonntaéin a single computed error for
making corrective action to the control system actuator. This may include the processing of ioformati
from several independent parameters that affect the operation of the unit. Often, this informagiahtts i

a mathematical model of the controlled unit and the best control action is predictethisamodel. The
benefits of state space control include improved responsiveness and stability, along with improved
robustness over a wide range of changing system parameters. Some elements phctaorstrol
technigues are in common usage in the hydroelectric power industry. However, turbine governing syste
based primarily on state space control techniques are not common, as practical formootrblistrategy

are still in their early stages of development.

5.1.1.5 Other control approaches

Several other control approaches to error processing have been used during the evolution of hydroelectric
unit control. These include temporary droop control (approximately equivalent to a Pl controller), gain-plus-
reset (approximately equivalent to a PI controller), “double-derivative” implementation of the PID
controller, and deadband control. The specific characteristics of these variations of quprvaches are

not addressed this guide.

5.1.2 Feedback

The process of continuously monitoring the output of a process to maintain it at a desireddevehisis
feedback control. The desired operating level, whether power, gate position, pond level, arciregue
called the setpoint. An elementary feedback control system is shown in Figure 14.

Setpoint ——— Controller »|  Actuator > Controlled > Controlled
Variable

Process
r Feedback

Figure 14—Elementary feedback control system

5.1.2.1 Multiple feedbacks

More than one feedback from a controlled process can be used in a feedback coatrolGesierally, one
feedback comes from the process output and one feedback comes from an intermediate peint in th
controlled process. Using this control approach establishes a relationship (generally linear) betimeen the
feedbacks and improves the stability of the control loop by reducing the phase lag in the contrdiiop. T
approach, however, also reduces the accuracy of the control system because the inteferdbmtk

allows the setpoint controller to be satisfied when a difference exists between the setpoint and the process
output.

5.1.2.1.1 Permanent speed droop governing system

A “permanent speed droop” governing system is a common type of control that uses mudtipkeckes.
Permanent speed droop determines the amount of change in the position of the turbine control servomotor
unit provides in response to a change in unit speed. Permanent speed droop is discussed in 4.5. &igure 2 is
block diagram representation of a typical governing system using permanent speed droop.
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5.1.2.1.2 Speed regulation governing system

A “speed regulation” (also known as “power droop”) governing system is similar to the perrspaedt

droop type of control system, but with generated power being used as the intermediate feedback from the
controlled process instead of actuator position. Speed regulation determines the amount of pow@ngenerati

a unit provides in response to a change in unit speed. Speed regulation is discussed in 4.5.2. Figure 7 is a
block diagram representation of a typical governing system using speed regulation.

5.1.3 Feedforward

The process of setting a controlled variable to a target level computed to achieve the desiiekieven

as feedforward control. Figure 15 is a simplified block diagram of a feedforwamttot system.
Feedforward control differs from feedback control in that it does not actually measure the output of the
controlled process. Instead, it computes the necessary level of the controlled variabilgbtegsvbased on

the setpoint and the known characteristics of the controlled process. Noncontrolled inputs, whicheaffec
controlled process, other than the setpoint may also be used in this computation. Thegadehnta
feedforward control is that the actuator and process dynamics are not included in the contralli@etiog,

the control to be very responsive without risking instability of the control loop. The disadvantage of
feedforward is that it cannot compensate for the inevitable deviations of an actual process from its model.
Most real-world feedforward control systems include some supplemental feedback control te é¢hbanc
steady-state accuracy of the control. Refer to Figure 11 for a simplified block diagram ofraogove
controller using both feedback from the unit speed and feedforward from the setpoint to the controller
output. This system allows the gains in the feedback controller to be set for stable operation while providing
a very fast response to setpoint changes.

Setpoint P
Feedforward
Control
Parameter #1 > Algorithm To Turbine Control
& Actuator
Parameter #2 »  Characteristic
Curves
Parameter #3 P

Figure 15—Feedforward control system

5.2 Actuator

An actuator is the connection between the setpoint controller and the controlled process. The owgput or th
actuator should be able to effect a change in the controlled variable of the process. Most contratiks vari
related to the control of a hydroelectric generating unit require the mechanical positioning of tHéedontro
variable, such as the wicket gates or turbine blades. Other pgseaesy require an electrical current as the
actuator output, such as the generator field or the demand of a shunt load bank.

The actuator system compares the desired turbine actuator position command or setpoint with the actual
actuator position, and it provides the necessary work to hold the actuator output at the desired value. Several
types of governor actuators are commonly used, but they all perform the same basic function.
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For dual-regulated turbines with adjustable blades, such as Kaplan or bulb turbines, sepsatie act
servomotors are generally used to independently control the wicket gates and the runner blades. On a
double-regulated turbine such as an impulse turbine, the number of turbine control actuators used varies
with the number of needles controlling the water flow to the wheel. It is common for each neeglle to b
driven by a dedicated servomotor. It is also common for the needle valves of an impulse tuttene t
designed with a loading spring built into the control servomotor to provide fail-safe operation to close the
needles upon control system failure or loss of hydraulic control pressure. A separate actuat@mtservom
generally controls the deflector mechanism, which acts to deflect the water stream awd#yefitanbine

runner to reduce the developed torque of the turbine more rapidly than can be done with the slower moving
needle servomotors.

The work capacity of the actuator used to control a turbine’s actuating device shouldtbe thegathe
maximum work necessary to move the device throughout its operating range. The maximum work capacity
required to move the turbine actuating device is affected by the following items:

a) Type of turbine

b) Head across the turbine

c) Mechanical design of turbine actuator linkages

d) Maintenance history (e.g., lubrication) of turbine actuator linkages
e) Hydraulic design of the turbine actuator

f)  Hydraulic design of the turbine distributor passageway

g) Rate of travel of the actuator

For new installations, the turbine manufacturer generally determines the maximum work requirement to
move the turbine actuating device, and it often supplies the turbine control servomotor.

The required power to provide fast movement of turbine actuating devices usually requires that the actuator
have access to an adequate supply of stored energy to perform the necessary work. All hydraulic turbine
actuators should be of a reliable, fail-safe design. This means that a reserveo$ugmygy should be
continuously available to be able to move the actuator to its fail-safe position, even whstatithre
electrical service is lost. A hydraulic pressure supply accumulator tank generally provddsteréail energy

supply. A detailed discussion of the design considerations for the governor hydraulic pressure supply system
is addressed in 6.3.17.

5.2.1 Mechanical actuators

A mechanical actuator is a device that produces a mechanical position output using mechaniathmower
from the turbine shaft or from a human operator as its source of energy. This type of actuatmmmas

in the early days of turbine control, but the advent of hydraulic control in the early part of thestiwenti
century has relegated mechanical actuators, for the most part, to the role of a manual baekufosys
small units.

5.2.2 Mechanical hydraulic actuators

The mechanical hydraulic actuator is characterized by a mechanical setsitittn input that is amplified

by a hydraulic amplifier driving the output servomotor. Figure 16 is a block diagram of a typical mechanical
hydraulic actuator. The gate servomotor sets the podifithe turbine gate linkage. The flow of hydraulic

oil to the gate servomotor is controlled by the distributing valve and its servomotor rate limiters. The pilot
valve and distributing valve provide the necessary amplification of the position error (difference) between
the setpoint input and the servomotor position output.
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Figure 16—Typical mechanical hydraulic actuator

Figure 16 does not show the hydraulic pumping unit and pressure tank needed to supply pressurized oil to
the pilot and distributing valves. The hydraulic oil pressure supply systems used in modern turbine
governing systems often have a nominal pressure of 7 MPa or greater. Earlier mechanical hydraulic
governor actuators used pressures as low as 1 MPa.

5.2.3 Electromechanical actuators

An electromechanical actuator uses mechanical power developed by an electric mttosoasce of
energy. This type of actuator typically uses a ballscrew or other gear reductionsfertthe mechanical
power of the motor to actuate the controlled variable. Figure 17 is a blapladtiaof an electromechanical
actuator. The fail-safe requirements of the control application when using an electromeclcturtat are
important because this type of actuator generally requires electrical power to move rirdiegbton.
Therefore, the actuator may not be able to move to a fail-safe pagtéorioss of station electrical service.
In cases where an electromechanical actuator is used to control thet gacks (or other flow-controlling
devices) of a hydroelectric turbine, a backup means of shutting down the unit may be necessteyttid
from a sustained runaway condition resulting from loss of the station electrical servibe,failure of a
key component of the actuator system.

Position
Feedback
Motor Gear T%-gl;]:%m
) Controller Box )
Setpoint ———»> Device

Figure 17—Electromechanical actuator

5.2.4 Electrohydraulic actuators

An electrohydraulic actuator uses an electronic setpoint signal as its input, apdifiearthis setpoint with

an electrohydraulic amplifier to determine the positof the output hydraulic servomotor. Figure 18 is a
simplified block diagram of a typical electrohydraulic actuator. An electrohydraulic actuatomsigste
typically employed on large turbines where high oil flow rates are required for the gate servomotor. On
smaller systems, a two-stage electrohydraulic valve den pfovide acceptable control of the oil flow rate,
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