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Retrofitting Utility Power Plant Motors for
Adjustable Speed: Field Test Program

Advances in power electronics technology have improved the
reliability and reduced the cost of electronic adjustable-speed
drives (ASDs). This report, based on a five-year field test, offers
detailed advice on how to retrofit power plant motors with ASDs to
improve system performance and reliability, minimize equipment
stress, and reduce system operating costs. -

Multimegawatt induction motor ASDs are in use at more than 200 installa-
tions. Many more plants are currently being retrofitted with ASDs. EPRI
began a field test program for large motor ASDs in 1981 at five test gener-
ating units to evaluate energy savings available through this technology
and to learn the best ways to undertake retrofits.

To provide guidance on how to implement ASD retrofits successfully; to
evaluate the actual energy savings from each application; and to assess
the impact an ASD can have on the power quality of the power plant’s
electrical distribution system.

Researchers selected five applications that offered good potential for
energy savings and operational improvement. The project was directed
toward applications with ac motor drives that exhibit a load duty cycle con-
ducive to demand-side management (primarily strategic energy conserva-
tion) through ASD technology. Power electronics equipment retrofits
eliminated the need for control by valve or inlet vanes and the power
losses associated with these devices. One of the selected sites was the
first full-scale application of ASDs in the main cycle of a plant using sliding-
pressure operation. The ASD was installed on a boiler feedpump. Over a
five-year period, researchers gathered operating data at these installations
with and without the ASDs in operation to establish the actual energy sav-
ings resulting from ASD use. They also gathered power quality data in the
field to assess the impact of ASDs on the electrical distribution system.

The ASDs were used'in gas-, oil-, and coal-fired plants. The associated
cooling systems included direct air cooling with filters, air cooling with air
conditioners, air cooling with air/water heat exchangers, and water cooling.
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ABSTRACT

EPRI recognized there was a need for converting large power plant induction motors
to adjustable speed for fuel conservation. When this project started, only the
synchronous motor ASD was available which required a new synchronous motor to
replace the existing squirrel cage motor. The retrofitting of large power plant
induction motors offered an opportunity to develop and refine a technology for

large induction motor ASDs.

Prior to 1984 no high horsepower induction motor ASDs were installed on utility or
industrial fans or pumps, but there were 57 LCI synchronous motor systems. By
mid-1986 the market evolved such that more induction motor ASDs were being
installed in the U.S. than synchronous motor ASDs.

The major U.S. induction motor ASD suppliers now offer water cooling which greatly
simplifies the cooling of large thyristors in power plant environments.

Included in the report is a copy of a sample ASD specification developed during
the field test program. The other major output of this study, ASCON II, an IBM PC
compatible computer program for technical and economic applications of ASDs to
power plants, has been improved as a result of these field tests and will be made
available from the Electric Power Software Center.
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EXECUTIVE SUMMARY

This research program studied the application of high power adjustable speed

drives (ASDs) to auxiliary motors of utility electric generating stations.
utilities participated in field tests of these large ASDs on boiler feed pumps and

forced draft fans.

In the period of the field tests, 1984 to 1989, rapid advances have been made in
the technology of ASDs for large induction motors.
new schemes for commutating the inverter.
to allow separation of motor flux control and motor current control to allow the

control of torque separately from voltage.

The field tests were conducted at the following installations with the inverter
technology indicated:

Sierra Pacific Power Co.
1-2000 HP boiler Feed Pump current-source
ASD at Ft. Churchill Plant, Unit 2

Gulf States Utilities
1-2250 HP Boiler Feed Pump modified LCI
ASD at Willow Glen Plant, Unit 1

Towa Public Service Co.
2-6300 HP Boiler Feed Pump modified LCI
ASDs at George Neal Plant, Unit 2

Oklahoma Gas & Electric Co.
2-5000 HP FD Fan current-source, GTO-PHM
ASDs at Seminole Plant, Unit 1

Sierra Pacific Power Co.
1-2000 HP Boiler Feed Pump, current-source GTO-PWM
ASD at Tracy Plant, Unit 3

These five field test projects use the existing power plant squirrel cage
induction motors. The power electronics equipment additions allow control of
feedwater flow or air flow directly by motor speed, thus eliminating the control
valve or inlet vanes and the power losses associated with these devices.

S-1
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The test program observed the performance of the equipment operating with ASD .
control. Power measurements were made to verify power savings and economics.

Harmonics were measured at the input and output of the ASD. Motor vibration was

mieasured over the speed range. Current and voltage wave shapes were recorded and

means were established to determine ASD efficiency. Several ASD cooling systems

and enclosures were evaluated in the course of the test program. Economic results

are summarized in Table S-1. )

These tests occurred over a five year period. During this time modified load-
commutated inverters and the current-source GTO-PWM inverters have been installed
in over 200 installations nation-wide, ranging from 600 HP to 9000 HP. GTO stands
for Gate Turn-off Thyristors; PWM stands for pulse-width modulated - a technique
for creating Tow harmonic content ac waveforms.

These field tests have yielded a wealth of information on the application of this
new technology to large power plant induction motors. Among the lessons learned
in this work are the following:

1. The potential for operating cost savings by controlling process flow
with motor speed has been demonstrated by test. ‘

2. Reliability of large ASDs has ceased to be an issue. Several
improvements in ASDs that have developed directly from operating ~
experience have contributed to improved overall system reliability:

--An input transformer is now used on all large ASD installations to
control common-mode voltage.

--Shaft torsional resonance caused by interaction of the ASD output
capacitor filter and the motor winding is now understood and can
be controlled either by eliminating harmful output harmonics with
the GTO-PWM ASD or a 12-pulse inverter or by separating the
electrical and mechanical resonance frequencies with an output
reactor,

--Power electronic devices, 1ike thyristors and GTOs, have proven to
be robust and reliable when correctly applied.

--Avaifab]e control systems have proven to provide trouble-free
service.

3. With an input transformer, harmonics to the power plant auxiliary
bus can be kept to under 3 percent total voltage harmonic
distortion, in most cases. This harmonic level does not appear to
cause interference with other power plant control systems.

4, During these tests, for the inverter technology used in these ASDs,
it has not been necessary to derate the induction motors with ASD

control. .
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Table S-1 .

ECONOMIC SUMMARY ASD RETROFITS

STATION ASD APPLICATION ANNUAL SAVINGS |  YEARS PAYBACK
FT. CHURCHILL 2-1000 HP BOILER FEED pp $1,600,000 3
WILLOW GLEN 1-2250 HP BOILER FEED pp _ 130,000 25

© NEAL 2-7000 HP BOILER FEED pp 348,000 7.7
SEMINOLE 2-4000 HP FD FANS 231,000 5.4
TRACY 12000 HP BOILER FEED pp 80,000 3.4

-
H
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5. Boiler feed pumps in s1iding'pressure applications (e:g. in which boiler
pressure is reduced with load) can benefit from conversion to ASD control
both from power savings and reduced valve maintenance.

6. The power savings obtained in using ASD control of process flow in power
plants has been shown to improve heat rate in fossil power plants.

7. Experts agree that reduced heat rate translates to reduced stack emissions.
This benefit of ASDs was identified in the IPS boiler feed pump ASD test.
ASDs reduced auxiliary load by 2.4 MW at full load. This additional unit
output is considered to be pollution free generation.

8. The soft start of induction motors with ASD control has several benefits:

-~ The hydrauiic surge from across-the-line starting of pumps has been
e}iminated. This can benefit high pressure pumps with tight seal
clearances.

-- The windings of older motors benefit from extended life with the
elimination of thermal and magnetic surges.

-- By eliminating the thermal transient in the rotor with the ASD soft
start and by using the ASD to produce frequencies up to 167 hz, new
induction motor designs are available to 10,000 HP, 10,000 vpm.
Previously, the practical horsepower and speed limits were 3500 HP, 3500
rpm.

-- With the soft start, the induction motor rotor is not subjected to main
power frequency currents. A laminated rotor is no longer necessary for
high speed induction motors,.resulting in improved mechanical
performance. 4

Utilizing the information gained from these tests, a preferred configuration for a
power plant specific ASD has evolved. This configuration has the following
features.

o« Input transformer to control input harmonics and Tine-to-ground voltage at
. the motor.

e~ UPS system for clean power to the ASD control system to eliminate adverse
effects from voltage spikes, dips, and interruptions on ASD performance.

o: Water-cooled thyristors to simplify cooling of the ASD in the often hot,
dusty environment of power plants.

o> GTO thyristor inverter to control harmonics to the motor in order to
eliminate shaft torsional resonance.

o Ground between inverter and motor to control Tine-to-ground voltage at the
motor used in combination with input transformer.

The preferred configuration for a large power plant induction motor ASD is shown in
Figure S-1. : y
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Section 1
INTRODUCTION

In December 1984 Sierra Pacific Power Company started up a 2000 HP adjustable
speed drive (ASD) on the 1750 HP 2A boiler feed pump motor at its Ft. Churchill
Plant in Yearington, Nevada. This ASD is configured as a 12-pulse input, 12-pulse
output current-source system. A year later in January 1985 Gulf States Utilities
Inc. began operating a 2250 HP ASD on its 1A boiler feed pump at Willow Glen Plant
at St. Gabriel, LA. This ASD is a 6-pulse input, 6-pulse output, modified load-
commuted inverter. This modified LCI system operates in the LCI mode from 50% to
100% speed and operates with a dc Tink commutation circuit at lower speeds.

These installations were followed in 1988 by 2-5000 HP ASDs on FD Fans at Oklahoma
Gas & Electric’s Seminole Plant and 2-6300 HP Boiler Feed Pump ASDs at

Iowa Public Service Company’s George Neal Plant. A fifth ASD Installation
@ was at Sierra Pacific Power Company’s Tracy Plant, Unit 3, 1750 HP Boiler Feed
pump in 1988. These last three installations used the new gate-turn-off
thyristor techﬁo]ogy in the inverter section of the ASD.

These field tests culminate an eight year program of studying the retrofit
conversion of existing fixed speed induction motors in power plants to adjustable
speed with power electronics. Earlier in this program, work included the

following:

° Evaluation of the economics of retrofitting large motors in 50
generating units for adjustable speed. This study showed that ID
Fans, FD Fans, Condensate Pumps, and Primary Air Fans could benefit
from conversion to adjustable speed, depending on fuel cost and
annual load duration curve. Boiler feed pumps, when converted to
adjustable speed, experience excellent savings at low load if ASDs
are used to reduce both feedwater flow and boiler pressure (sliding
pressure or sliding throttie).

) Development of a computer program ASCON II to calculate fuel cost
savings in power plants when converting.motors to adjustable speed.

) Worldwide assessment of ASD technology and determination of
equipment costs and installation costs. Inverter technology
available in the higher than 2000 HP-class of equipment was current-
source, voltage-source, modified load commutated, voltage-source
GTO-PWM, and current-source GTO-PWM.

1-1
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Assessment of ASD re]iabi]itj which showed that correctly designed
equipment based on manufacturer’s systematic and continuing quality
control programs provide outstanding reliability.

1-2
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2. Field Test Program







Section 2
FIELD TEST PROGRAM

The field test program followed the earlier ASD technology evaluation and

application study program and included five power plant retrofit projects:

These five field test projects retrofitted existing power plant squirrel cage

induction motors. Power electronics equipment has been added to control feedwater L

1984

Sierra Pacific Power Co.

1-2000 HP Boiler Feed Pump current- source
ASD at Ft. Churchill Plant, Unit 2

1985

Gulf States Utilities

1-2250 HP Boiler Feed Pump modified LCI
ASD at Willow Glen Plant, Unit 1

1988

Oklahoma Gas & E]ectr1c Co.

2-5000 HP FD Fan current-source, GT0- PHM
ASDs at Seminole Plant, Unit 1

1988

Iowa Public Service Co.

2-6300 HP Boiler Feed Pump Modified LCI
ASDs at George Neal Plant, Unit 2

1988

Sjerra Pacific Power Co.

1-2000 HP Boiler Feed Pump, current-source GTO-PWM
ASD at Tracy Plant, Unit 3

-

flow or air flow directly by adjusting motor speed, thus eliminating the need for

control valve or inlet vanes and the power losses associated with these devices.
In conducting these tests EPRI was interested in determining the following

information:
e+ Power to the ASD and to the motor
e - Voltage and current harmonics injected into the motor and into the
auxiliary power systems
e  Additional motor losses from harmonics
o- Vibration from mechanical resonance in system

2-1



ASD efficiency
o Verification of calculated fuel cost savings

. Reduction of fan noise ‘

° Control input harmonics to 3% voltage THD level

° ggexggzication and quantification of any cher benefits from the use

In the following Sections Three through Eight, each of the five field tests is
described and the test results are presented.



3. Sierra Pacific Power Company
Ft. Churchill Plant
Unit 2, Boiler Feed Pump I
2000 HP ASD Field Test



Section 3

SIERRA PACIFIC POWER COMPANY, FT. CHURCHILL PLANT
UNIT 2, BOILER FEED PUMP, 2000 HP ASD FIELD TEST

UNIT DESCRIPTION

Ft. Churchill Plant Unit 2 is a 110 MW gas and oil fired unit. As a spinning
reserve unit, it is operated for over 8000 hours per year at minimum Toad.

PURPOSE OF PROJECT

The purpose of converting the 2A Boiler Feed Pump to adjustable speed was as
follows:

) Reduce minimum load on the unit by 2 MW and replace the 2 MW by
Tower cost power.

eliminating both the power loss in the valve and the associated

e - Eliminate the control valve at the feed pump discharge thereby
G valve maintenance cost.

o- Convert the lTow load operation of the unit to sliding throttle
(reduce boiler pressure from 1750 psi to 700 psi at Tow unit load
operation).

) Extend the MW output of the unit from 70 MW to 90 MW with one pump
operating.

) Provide automatic drum level control for.all operating conditions.
Drum level is vital to the operation of the boiler and had been
difficult to hold at Ft. Churchill because of Timited capability of
the control system at minimum load. The boiler drum is a high
pressure water tank Tocated at the highest part of the boiler.
gager in the drum keeps a pos1tive head of water on the boiler

ubes

DESCRIPTION OF APPLICATION

The 2000 HP ASD was connected in 1ine with the existing 2A Boiler Feed Pump Motor
. as shown in Figure 3-1. A manual electrical by-pass circuit was provided to allow
operation of the motor without the ASD in event of serious long term ASD outage.
The common control valve for the 2A and 2B Boiler Feed Pumps was relocated to the
discharge of the 2B pump. The before and after valve location is shown in

@ Figure 3-2. With this arrangement, the 2A pump with ASD control is used for

3-1
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normal unit operation which is a minimum load, spinning reserve mode. The 2A pump
is used for loads up to 90 MW. Above 90 MW, the 2B pump is operated with the
control valve wide open and the 2A pump is backed off and is used for control.

ASD TECHNOLOGY

The ASD used for this project has a current-source type inverter with input and
output transformers to control harmonics to the 4 kv bus and to the motor. The
ASD requires no input filters or output filters. Solid state, digital
microprocessor type control and diagnostics are used. The power circuit for this
ASD is shown in Figure 3-3. One unique feature of this ASD is that it has one
thyristor in series per-leg in both the rectifier and in the inverter.

OPERATING EXPERIENCE

The ASD has been in service since December 1984. There were no operating problems
with either the ASD or the control system until 1987. In 1987, there were heavy
thunderstorms nearly every day for a period of six weeks. During some of these
storms there were thyristor failures in the ASD that caused loss of the unit. It
appears that these failures resulted from depressed bus voltage from transmission
line faults from the lightning. The voltage was low enough to affect the ASD
firing controls and failures resulted.

A schematic of Ft. Churchill Unit 2 is shown in Figure 3-4. The automatic drum
level control afforded by the ASD has been excellent in terms of reliability and
quality of control function. Plant operators accepted enthusiastically the ASD
automatic control of the drum level from the first days of operation and have kept
this attitude for the five years of operation of the ASD. An isometric view of
the ASD installation is shown in Figure 3-5.

RESULTS OF RETROFIT

The unit output was reduced by 4 MH. At normal minimum load operation boiler
pressure is held at 700 psi, down from the designed 1890 psi. Dollar savings have
been estimated at $1.6 million per year by Sierra Pacific Power. Half of this is
from savings of generating the 4 MW elsewhere and half from better operating
efficiency at 700 psi.

The wave shapes that were recorded at Sierra Pacific Power, Ft. Churchill Plant

are shown in Figure 3-6. The advantage of the 12-pulse system is seen in the
Fourier analysis of Figure 3-7. On the input or rectifier side there are
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practica11y no voltage harmonics and the order of the current harmonics seen were
11, 13, 17, 19. The order of the output current harmonics were 11, 13 and small
17, 19. The output voltage contained 11th and 13th order harmonics.

The analysis of tﬁe field measurements taken at Sierra Pacific Power are shown in
Table 3-1.

To determine the heat rate and dollar savings at Ft. Churchill Plant, Sierra
Pacific engineers conducted a study which is discussed in Appendix C.
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Table 3-1

FT. CHURCHILL, UNIT 2
1750 HP BOILER FEED PUMP

FIELD RESULTS

% EXTRA HARMONICS
UNIT MOTOR MOTOR INPUT OUTPUT ASD
MW HP FREQ. RPM LOSS THD-V THD-1 THD-V THD-1 EFF
90 1897 60.2 3576 7 2.4 10.7 10.6 9.3 91
75 1380 55.8 3315 9 2.3 11.0 16.4 9.6 91
50 1058 52.5 3119 1.0 2.1 11.4 16.0 9.4 91
25 769 50.3 2989 1.1 1.86 11.9 167 | 95 .89
12 204 31.7 1883 1.7 1.0 10.9 24.6 8.6 .82
-7 7
e .
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Section 4

GULF STATES UTILITIES, WILLOW GLEN PLANT
UNIT 1, BOILER FEED PUMP, 2250 HP ASD FIELD TEST

UNIT DESCRIPTION

Willow Glen Unit 1 is a 146 MW unit Tlocated on the Mississippi River south of
Baton Rouge, LA. It is designed for gas or oil fired operation.

PURPOSE OF PROJECT
Gulf States Utilities decided to convert one of the 2-2250 HP Boiler Feed Pumps at
Willow Glen, Unit 1 to adjustable speed operation for the following reasons:

) improve unit heat rate by eliminating the power loss in feed pump
control valve. .

° eliminate control valve maintenance by relocating control valve to
@ the 2B pump.

- o- obtain experience with large adjustable speed drives for
consideration in other generating units. .

DESCRIPTION OF APPLICATION

After observing the ASD in operation at Sierra Pacific Power Company at
Ft. Churchill Unit 2, GSU purchased a 2250 HP ASD for Willow Glen, Unit 1. They
relocated the control valve to the discharge of the 1B pump. Since they already
operated the unit in a sliding throttlie mode, there were no sliding throttle

~ considerations in the economics other than reduced valve maintenance.

ASD TECHNOLOGY

GSU selected the transformerless 6-pulse input, 6-pulse output modified load-
commutated inverter type ASD as shown in Figure 4-1. For this type of ASD, the
rectifier and inverter are identical, each using a 6-pulse thyristor bridge as
shown in Figure 4-2. The rectifier is line-commutated and the inverter is load-
commutated. A three-phase line-to-line connected capacitor is connected to the
motor terminals. This provides magnetizing current for the induction motor and it

Q filters the output current wave shape for the induction motor.

4-1
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As long as the output capacitor filter provides magnetizing current to the motor, ‘
the inverter is self-commutating from the motor internal voltage. As this mode of
operation disappears near half of rated frequency (30 hz), the dc link diverter
operates to commutate the inverter. The tank circuit, shown across the dc 1ink in
Figure 4-2 reverses the dc link voltage polarity when it is necessary to turn off
the inverter thyristors that are conducting. By reversing the dc link voltage,
voltage is removed from the inverter circuit and it stops conducting. The
inverter circuit of another phase then starts to conduct and when it needs to be
turned off the diverter again operates. This system of commutation continues
until the frequency is increased to the point that the motor internal voltage
again will commutate the inverter.

The ASD was located on a mezzanine floor between the basement and the turbine
room, near the 4 kv switchgear. An isometric view is shown in Figure 4-3.

OPERATING EXPERIENCE

The GSU Willow Glen Plant, Unit 1, Boiler Feed Pump ASD has been in service since
January 1986. They have experienced three failures of capacitors in the output

filter which shut down the ASD. A1l capacitors were replaced in this case and )
GSU, as a precaution, has used a fan to cool the capacitors on hot days. No
further failures have resulted and the ASD has performed well otherwise. _ ™,

Figure 4-4 shows the input and output wave shapes of this system at 58 hz
operation of the motor and Figure 4-5 shows Fourier Analysis of these waves. The
input current shows the typical 6-pulse pattern. The output current has been
smoothed by the output capacitor filter. The wave shapes are shown for an output
frequency of 35 hz in Figure 4-6. The distortion was apparently caused by an
increase in the fifth harmonic component of current as the output capacitor and
motor winding inductance became resonant around 35 hz.

The heavy fifth harmonic current seen at 35 hz does not seem to cause torsional
resonance problems with low inertia pumps such as this boiler feed pump. These
currents have reportedly resulted in heavy shaft vibration in motors driving high
inertia fans. A discussion of torsional vibration transiating into lateral
vibration can be found in Reference 9.

After the completion of the testing at Willow Glen, the manufacturer of this ASD
has determined that an ungrounded inverter can allow a neutral shift on the motor
6 times per cycle resulting in increased levels of voltage to ground on the motor. .
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@ Although there were no motor problems at Willow Glen related to the ASD
application, this common mode voltage has resulted in some motor failures and

needs to be considered. The result of 5 years of experience is that: (1) a
ground is established near the motor and (2) input transformers are now used on
all large ASDs to absorb the common mode voltage effect. These two adjustments,
together, have had a positive impact on overall system reliability.

The test results of measurements taken at Willow Glen Plant in February 1986 are
listed in Table 4-1.

RESULTS OF RETROFIT

The ASD installation at Willow Glen has achieved goals set by Gulf States
Utilities. They have had reliable operation of the boiler feed pump with ASD
control and estimate the annual savings at $130,000.

poe
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Table 4-1

WILLOW GLEN PLANT, UNIT 2
' BOILER FEED PUMP ’

FIELD RESULTS

% EXTRA HARMONICS
UNIT MOTOR MOTOR INPUT OUTPUT ASD
Mw HP FREQ." RPM LOSS THD-V THD-1 THD-V THD-I EFF
- .
= 115 2099 58 3451 6 2.05 24.8 7.8 14.46 .92
80 1313 50 2915 1.5 1.49 25.7 10.32 25.6 .92
40 821 44 2618 2.6 © .99 26.6 12.08 38.1 91
15 361 35 2083 7.3° 70 . 35.3 '16.86 67.1 91
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Section 5

OKLAHOMA GAS & ELECTRIC COMPANY, SEMiNOLE PLANT
UNIT 1, FD FANS, 2-5000 HP ASD FIELD TEST

UNIT DESCRIPTION -

Seminole Unit 1 is a 530 MW gas and oil fired unit located at Konawa, Oklahoma.
It is the first of a 3-unit plant and was installed in 1972.

PURPOSE OF PROJECT

Oklahoma Gas & Electric Company’s decision to install a 5000 HP ASD on each of the
2-4000 HP FD Fans at Seminole Plant, Unit 1 was based on the following benefits: -

. Annual fuel cost savings of $423,000 for improved operational
efficiency at part load.

o . Increased fan flow and unit output during peak demand periods during
summer months. The Unit 1 FD Fans appeared to be short of capacity
during hot weather and it was hoped that slightly overspeeding the.
fans with the ASDs would improve fan performance. ~
) Evaluation of operating experience with ASDs for further use in '
power plants at OG&E. ‘

DESCRIPTION OF APPLICATION

The ASDs were furnished in a factory prefabricated house complete with air

conditioning. The redundant 30 ton air conditioners were provided with economizer

cooling units that allow the use of filtered outside air during much of the year

when the outside air temperature is below 85°F. : i

The ASD house as shown in Figure 5-1 (isometric view) is located near the fan
motors so that additional cable, conduit and cable tray were minimal. The
existing motor cable was terminated in a new splice box near the motor. From the
splice box, cables were extended to the isolation and bypass switches, the
transformers and to the ASDs. The control system modification consists of using .
the existing vane control signal to control motor speed.

5-1
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ASD TECHNOLOGY

Each current source GTO-PWM ASD has a 12-pulse input type rectifier with isolation
transformer, a dc 1ink inductor, a 6-pulse current-source GTO-PWM inverter and an
output capacitor filter as shown in Figure 5-2. This system, with the 12-pulse
rectifier, has the potential for low input voltage and current harmonics. The
output capacitor filter reduces the output harmonics that could cause motor
heating. There is no resonance between the output filter and the motor because of
output harmonic control with the GTO inverter’s ability to remove harmonics that
could cause resonance. Control and diagnostics are by digital microprocessor type
technology. The power circuit for these ASDs is shown in Figure 5-3.

The capacitor, in parallel with the motor leakage inductance, creates an L-C
circuit with a finite resonant frequency typically near 150 hz.

Fundamental Harmonic .
% Speed Frequency. Harmonic Frequency
19 . 11.5 13 150
23 13.6 11 150
36 21.4 7 150
50 30.0 5- . 150

The harmonic component at 150 hz will excite the LC circuit of the capacitor and
the motor leakage reactance and allow a high circulating current at 150 hz. Since
the resonant circuit is relatively undamped, the harmonic current can be amplified
five to ten times. ’

The high harmonic currents flowing in the stator winding can cause motor shaft,
frame, and coupling fatigue problems, if not controlled.

With the GTO inverter it is possible to eliminate selected harmonics that can
excite the electrical resonance. Thus, the 11th and 13th harmonics are eliminated
by notching at low speeds, the 7th and 11th are eliminated at higher speeds, the
7th and 5th at yet higher speed. Above 35 hz there is no further notching.

FIELD MEASUREMENTS

Tests on the ASDs at Seminole Plant were carried out in the period June 11-14,
1988. The FD Fans were operated with the ASDs controlling air flow by motor speed

[y
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and with the ASDs by-passed with air flow controlled by the inlet vanes. Tests ‘
were conducted at the following Unit 1 gross outputs:

400 MW
300 MW
250 MW
150 MW

It was not possible to operate at higher MW loads because of restrictions on the
boiler.

The calculated and tested motor horsepower were as shown in Figure 5-4.
Surprisingly, the motor horsepower was about 1000 HP higher than calculated, both
with vane control and with ASDs. Tests were conducted on the same day on ASD
control and on vane control at a series of load points. The difference in
horsepower between vane control and ASD control had the general shape as
predicted, but the difference or power savings was less than calculated.

The calculated kw savings and tested kw savings are as follows at the test points: ‘

Calculated Tested ~

Total Savings Total Savings “
M — 2 Fans 2-Fans '
400 1670 792
300 2060 1287
250 1083 1970

150 1366 400

ANALYSIS OF TEST RESULTS

A study was undertaken to determine the cause of the difference in power required
by the motors as determined by test and by calculation and to understand the
reason for the reduced power savings between calculation and test.

The input data for the calculation was reviewed. The principal inputs that effect
the horsepower calculations are as follows:

o« fan curve - fan capacity vs fan head

e- fan curve - fan capacity vs fan brake horsepower
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0 system resistance - flow vs system head

0 power output vs fan flow

After evaluation of the input data, the calculation method and information
available at OG&E, and discussion with the fan manufacturer four problems were
identified:

. The power output (MW) vs fan flow data for the calculation was not
correct since it was based on too little excess air. Unit 1 at
Seminole is’ operated with a high percentage of excess air. 27%
excess air is used at full load and 60% at 1ight loads. The
calculation was based on a range of 5% to 30%. There was concern
that the high excess air resulted in about 1000 HP extra per fan
over the load range as compared to the calculated horsepower.

. The computer program, ASCON II, when used for fans did not
differentiate between the two bhp curves supplied by the fan
manufacturer. One curve is for operation on inlet vane control and
the other is for operation with vanes wide open. Both curves should
be used in the calculation of horsepower, the V.W.0 curve for ASD
operation and the vaned curve for vane control operation. The two
fan horsepower curves for the Seminole Unit 2 fans are shown in
Figure 5-5. The error introduced in the Seminole calculation made
the dollar savings about 13% optimistic and the horsepower per fan
on ASD operation was about 300 HP more than calculated.

o - The fan manufacturer advised that the FD Fans at Seminole, Unit 1,
did not meet their guarantees for flow and pressure. Subsequently,
wedges were added to the fan blades to increase the pressure. Their
best estimate is that in using the fan curve, the pressure is
correct but the flow is 5% low. The bhp curves should be about
correct.

o . Air-preheater seals have a high leakage rate at Seminole Unit 1 at
low load. This does not appear as excess air (air in excess of that
needed to burn fuel), but as extra fan load.

Effects of these factors on the kw savings are shown in Figure 5-6.

To prevent the computational error, the ASCON II program was revised to allow the
two brake horsepower curves to be used for fan calculations. Also, a caution was
added to the ASCON II instruction book concerning the importance of fan flow vs MW
input accuracy with regard to percent excess air and air leakage at the preheater.
This is one of the key inputs to the calculation and is more sensitive to errors
affecting the results than many of the other inputs.

The high excess air at Seminole results from the burner control system being setup
to keep air registers open when burners are shutoff. There are 15 pairs of
burners. Usually five burner pairs are shutoff at low loads. NFPA requires that
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. total air flow not be reduced below 25% of full load flow at minimum load, but
registers can be closed on unused burners.

At reduced loads, it was estimated that operation with unused dampers closed would
improve boiler performance by better utilizing excess air for fuel burning and
steam temperature control.

OG&E modified their operation to close registers not in use and repaired the air
preheater leak. The Tow load economics produced by the ASDs did not materially
improve. It appears that the air preheater seal.design is such that there is a
high air loss at low load. When operating one fan at 1ight load without the ASD,
the fan operates with the inlet vanes nearly open at rated HP. When this is
compared to operation with two fans on ASD control (for this condition the inlet
vanes are wide open), the horsepower used is nearly the same. Thus, it appears
that the air preheater seal design dominates the air requirement at 1ight load and
the ASD economics at low load are not as good as anticipated.

HARMONICS AND THD

Current and voltage wave shapes for the 12-pulse input 6-pulse output GTO-PWM ASD,
along with the Fourier analysis, are shown in Figures 5-7 and 5-8. The total
harmonic distortion determined for the 4 kV bus and for the ASD output by the
tests are shown in Table 5-1 for the qperating speed range.

The THD (voltage) was specified at the 4 kV bus in the purchase specification not
to exceed 3.3%. Since the measured value is in the order of 5.3%, the ASD
manufacturer is evaluating the necessary modifications to bring the harmonic level
within expectations.

In Table 5-2, the principal voltage harmonics injected to the 4 kV bus are listed
in percent of the fundamental by order of harmonic. With the 12-puise rectifier
system, the 5th and 7th harmonics are at low levels as will be seen in Figure 5-8.

The harmonics of Table 5-2 were also seen in-the 480 volt and 110 volt busses.
Harmonic increases caused by the ASDs at the generator and generator neutral were

negligible.

The ASD produced harmonics hav$ affected the operation of the boiler controls.
The burner controls and drum level were affected. Some improvement was obtained
by installing a constant voltage transformer with harmonic filter on the bus
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Table 5-1

SEMINOLE, UNIT 1 FD FANS
FIELD RESULTS

3

IA FAN HARMONICS, PERCENT
% EXTRA
? INPU
UNIT MOTOR MOTOR NPUT ouTPUT ASD
MW HP FREQ. RPM LOSS THD-V THD-I THD-V THD- EFF
400 2713 50 741 1.7 5.16 13.7 13.9 17.6 943
300 2030 43.75 649 0.4 5.10 14.7 8.0 8.6 938
250 1371 40 593 1.24 4.7 16.3 12.6 15.6 928
150 1853 43.75 649 0.5 5.3 14.9 8.8 9.6 916
o J ; ’ :
-
<+
IB FAN HARMONICS, PERCENT
% EXTRA _INPUT OUTPUT
UNIT MOTOR MOTOR ASD
MW HP FREQ. RPM LOSS THD-V THD-1 THD-V THD-1 EFF
400 2621 49.00 726 1.8 5.3 14.1 8.6 18.9 .956
300 1980 43.75 649 0.3 5.2 14.8 8.2 8.34 929
250 1382 39.00 579 1.4 4.5 16.7 14.1 17.4 942
150 1732 43 638 0.6 4.5 12.8 8.8 10.1 949
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SEMINOLE PLANT

Table 5-2

VOLTAGE HARMONICS INJECTED BY ASDs TO 4kV BUS, PERCENT

1A 1B
ASD INPUT ASD INPUT
HARMONIC ORDER
Mw 11 13 23 25 1 13 23 25
150 3.4 2.3 2.4 2.1 3.2 2.2 2.3 2.1
250 3.0 1.9 ’ 2.3 < 1.9 2.9 1.8 2.3 1.9
300 3.1 2.2 2.5 2.3 2.9 2.3 2.5 2.3
400 3.2 2.5 2.2 2.2 3.3 2.5 2.2 2.1
v
ey 1.




feeding these controls but there has ;tﬂ] been some erratic operation of these ‘
control systems. It is anticipated that with the reduction of THD to 3% or less,

these control problems will be eliminated.

PERFORMANCE OF THE GTO-PWM CURRENT SOURCE INVERTER

The GTO-PWM inverters experienced a number of failures in their first six months
of operation. These failures were related to problems with the chopper power
supply. These problems were resolved in December, 1987, and these inverters have
performed with a high degree of reliability. Fortunately, the ASDs were provided
with manual by-pass switches and the ASD failures did not result in a significant
loss of generation. These repeated failures did, however, cause a lack of
confidence in the ASDs on the part of the plant operators. Even though the ASDs
have performed reliably for over a year now, the plant operators have some concern.
about loss of fans because of thyristor failure.

VIBRATION MEASUREMENT

Vibration at the motor and fan bearings was recorded at each test point.
Vibration recorded at all speeds was within acceptable loads. Some high frequency

Jocal resonance at the motor bearings was detected at 660 rpm on the 1A fan and at "
750 rpm on the 1B fan, but the amplitude of vibration was low. These vibrations
may be caused by inverter harmonics exciting resonance frequency in the stator \Q

core since the vibrations are not present with the motor operating without the
ASDs.

NOISE MEASUREMENT

Noise data trended lower as the rpm of the fan decreased. The A-weighted Tevel
dropped from 90 db at 880 rpm to 84 db.at 660 rpm. Since the decibel system that
is used in sound measurement is a logarithmic scale, a 3 db reduction is
significant. This is a 50% reduction in noise and an even greater reduction of
perceived noise in terms of human ear response. Noise reductions at lower speed
were difficult to document because of ambient power plant noise and noise
reflections from adjacent buildings.

ASD EFFICIENCY

ASD efficiency at 400 MW gross generation was measured to be in the range of 96 to
97% without the air conditioning. With the air conditioning, it was calculated to

be 94. to 96%. _ .”
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RESULTS OF RETROFIT

Annual savings of $231,000 per year were estimated by OGXE engineers. An
additional improvement of $98,000 was obtained from repairing leakage at the air
preheater. The preheater seal design is such that there is a high air requirement
at Tow loads. Thus, it is possible to operate with one fully loaded fan with
vanes wide open at light load. This horsepower is about the same as is used when
operating two fans with ASDs at reduced speed also with vanes wide open. Because
of this air preheater characteristic the fuel cost savings were not as high as
originally anticipated.

Changes in annual load duration curve and a reduction in fuel cost had negative

impact on the fuel cost savings, but the major effect was the loss of air at the
preheater seal at 'light load on the unit.
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Section 6

I0WA PUBLIC SERVICE COﬁPANY, GEORGE NEAL .PLANT
UNIT 2, BOILER FEED PUMPS, 2-6300 HP ASD FIELD TEST

UNIT DESCRIPTION

George Neal Plant, Unit 2 is a 320 MW coal fired unit located on the Missouri
River south of Sioux City, Iowa. The unit went into service in 1972.

PURPOSE OF PROJECT

IPS decided to convert the 2-7000 HP boiler feed pumps on Unit 2 to adjustable
speed operation for the following reasons:

¢ - change the unit to sliding throttle operation to improve part load
efficiency of the unit.

o - improved part load efficiency of the unit would result in more
operating hours for the unit in the MAPP power pool and increase
revenues for IPS. .

DESCRIPTION OF APPLICATION

Each 7000 HP boiler feed pump on Neal No. 2 is driven by 2-3500 HP, 3600 rpm

motors connected in tandem. With the installation of the ASDs, a by-pass switch

arrangement was provided so that the motors can be returned to original constant

speed operation if there is serious ASD trouble. Prior to the installation of the

ASDs, pump flow was controlled by a control valve. The control valve for each

pump has been retained and becomes an integral part of the ASD control scheme.

With the ASD controlling motor speed, constant boiler drum level is maintained by l
creating a differential pressure across the feedwater regulator. This 175 to 275

psi differential controls pump speed. Pump maximum flow and minimum flow limits

under adjustable speed operation are monitored by the plant computer system.

ASD TECHNOLOGY

Each ASD has a modified LCI type inverter and is comprised of a three winding i
input transformer to provide for the 12-pulse input rectifier, a dc link inductor,
a GTO Tink commutator circuit, a 6-pulse inverter with output L-C filter and a
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mechanical by-pass switch arrangement. The one-line diagram for these ASDs is
shown in Figure 6-1.

GTOs were used in the dc 1ink commutator circuit to commutate the inverter
thyristors at frequencies below 37 hz (2200 rpm). The dc 1ink commutator GTOs are
also used to eliminate frequencies that could cause resonance between the output
filter and the motor. The electrical circuit is shown in Figure 6-2.

At Neal Unit 2 the 2-7000 HP boiler feed pump motors are located at ground level.
The 4 kV switchgear is on the second floor of the plant. The ASD installation was
located in available space on the third floor at the turbine room level. An
isometric sketch is in Figure 6-3. Because of the 120°F temperature possible in
the summer on the turbine room floor, the ASDs were located in a pre-engineered,
insulated building that was assembled in 46-inch wide panels. This ASD building
contained the ASDs, redundant air-to-water heat exchangers, filters and redundant
blowers. The air cooling system uses turbine auxiliary cooling water and is shown
schematically in Figure 6-4. The output filter and by-pass switches were located
adjacent to the ASD house. The input transformers were located at ground level
outside the plant. Cables that were added for the ASD installation were run in
underground duct bank outside the plant and in.cable bus elsewhere. At 4 kV, 3-
500 mi1lion circular mil (MCM) and 4-500 MCM cables per phase were required for
the currents. n

OPERATING EXPERIENCE

Operation of these ASDs was delayed until January of 1988. A tornado extensively
damaged the coal handling system of Unit 4 at Neal Plant in July 1987. This
occurred before the ASD installation was complete on Unit 2 and Unit 2 ran at full
Toad while repairs were made to Unit 4. After unit 4 repairs were complete, the
Unit 2 ASD installation was finished and the ASDs were put into service in late
1987. These ASDs were among the first to use GTOs in the diverter circuit.
Considerable field engineering was needed to make the ASDs work as originally
conceived. There were application problems to be resolved with the GTO’s in this
1ink commutator circuit and it was not until January 1988 that the ASD control and
firing circuits were appropriately modified.

Since January 1988 the ASDs have performed reliably, although there have been
failures of thyristors (any failure is considered to be excessive). The failures
occur at start-up of the ASD and the cause of failure is under study. With the
(N+#1) capability, the failures have not resulted in loss of the ASD. The ,
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electrical by-pass switch arrangement allowed replacement of thyyistors without
shutdown of the unit. The (N+1) capability of ASDs is discussed in the
Conclusions section, later in this report.

FIELD TESTS

Field Tests were conducted 6n April 4 and 5, 1989. Unit 2 was operated at three
load levels, 90 MW, 180 MW and 270 MW. Measurements were made with the boiler
feed pumps operating on ASD control and on fixed speed valve control at each MW
Jevel. Measurements were made at the PTs and CTs in the switchgear and at
temporary PTs and CTs that were located at the output of the inverter between the.
output filter and the motors at the by-pass switch. With this arrangement, input
power was measured at the primary side of the isolation transformer and at the ASD
output past the filter. Thus, harmonics measured reflect the benefit of the input
transformer and the output filter.

The test results are summarized in Figures 6-5 through 6-13. The use of motor
speed to take advantage of reduced throttle pressure is shown in Figure 6-5. With
automatic control and both pumps running, the speed range is 2234 to 3550 rpm.

Figure 6-6 shows the comparison of power to the boiler feed pumps with valve

control and with ASD control. Figure 6-7 shows the savings. At 90 MW the savings g
is 1886 kw comparing one pump on valve control and two pumps on ASD control.

Still comparing two puhps on ASD control with one on valve control at 180 MW, the

savings drop to 118 kw, but when the second pump is turned on with valve control,

the savings maximize at 3190 kw.

At full load, 290 MW, sévings of 1276 kw was measured. IPS’s own tests confirmed
the savings at 290 MW to be more Tike 2.4 MW.

ASD losses appear to be higher than expected as shown in Figure 6-8. This was,
reflected by the inability of the ASD air cooling system to hold constant inlet
air temperatures when the diverter circuit operated. The extra losses appear to
be related to snubber losses in the GTO diverter. The snubber is a capacitor-
resistor circuit that diverts current when the GTO thyristor turns off. When the
GTO diverter circuit operates, the cooling air temperature increases and it has
been necessary to operate both heat exchangers at all times.

Figure 6-9 shows Total Harmonic Distortion, current and voltage, at the input and
output of the ASD. Input voltage distortion peaked at 3.6%. Output current.
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distortion for this ASD was high at 1ight loads with diverter operation. At
higher speeds with LCI operation of the inverter, output THD is normal, 11.2%
voltage and 11.2% current distortion.

Figures 6-10 and 6-11 show wave shapes and Fourier analysis of wave shapes with
the inverter operating at 50 hz. Figures 6-12 and 6-13 show similar outputs at
31.25 hz inverter operation. Figure 6-12 shows the presence of fifth harmonic
current build up which results from resonance between the motor and the filter
capacitor.,

RESULTS OF THE RETROFIT

Iowa Public Service Company engineers evaluated the performance of the unit with
sliding pressure operation with ASD control of the boiler feed pumps. Details of
operation of the boiler with constant pressure and with variable pressure are
listed in Table 6-1 for 120 MW net load. Drum pressure was reduced from 2452 psig
to 1101 psig. Main steam pressure was reduced from 2442 psig to 1042 psig.

At the time these tests were made, the spray controls had not been optimized and
there was some increase in boiler tube temperatures when operating with ASD
control, but the temperatures were within design limits.

The fuel cost savings developed by IPS are shown in Figure 6-14 for the load range
of the unit and the heat rate improvement is shown in Figure 6-15.

The fuel cost savings resulting from the use of ASDs and sliding pressure for 1988
and 1989 are significant and are listed in Table 6-2 for Unit 2 capacity factors
of 46.61% for 1988 and 31.29% for 1989. Total savings through June of 1989 are
estimated at $960,780. On an annualized basis savings are expected to be $347,707
with a fuel cost of $1.599/MBtu.

This full load auxiliary power savings was confirmed by Iowa Public Service Co.
engineers to be about 2.4 MW. This 2.4 MW reduction translates to additional
plant capacity. At $1200/kw installed cost for new generation, this additional
capacity has a value of $2.88 million which is slightly more than the installed
cost of the ASDs and pays for the ASD retrofit.

This additional capacity has been produced with no additional emissions from the
plant and shows promise for ASD applications that will have the effect of reducing
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Table 6-1

IOWA PUBLIC SERVICE CO. .
NEAL 2 CONSTANT PRESSURE ~ SLIDING PRESSURE TEST DATA

CONSTANT PRESSURE TEST 7/28/88 | VARIABLE PRESSURE TEST 7/29/88
DATA POINT UNITS TIME TIME )

ACCUM/ ACCUM/
os00 | 1000 | w00 [AGTAY | osoo | 1000 | 1100 |ASSH
NET LOAD MWH 118 120 122 120 120 120 120 120
DRUM PRESSURE PsIG 2452 | 2453 | 2452 2452 | 1ot { 1101|1101 1101
MAIN STM PRESS Psia 2441 | 2442 | 2442 2442 | 1042 | 1043| 1042 | 1042
THR STM PRESS PSIG 2402 | 2400 | 2400 2401 | 1021 | 1021 1021 1021
NET HEAT RATE BTU/KWH 10542 10298
MILL A COAL FLOW Tons | 2765 | 28.30 | 28.30 | e4.65 | 27.90 | 27.45| 27.40 | s2.75
MILL B COAL FLOW TONS 0.00 | o0.00 | o0.00 0.00 | 000| o0.00| o0.00 0.00
MILL C COAL FLOW Tons | 28.05 | 28.50 | 28.70 | e5.25 | 28.00 | 27.60| 27.55 [ 83.15
MILL D COAL FLOW TONS 0.00 | o0.00 | o0.00 000 | 0.00| o0.00] o0.00 0.00
COAL HEATING VALUE BTUILB 11169 11173
GAS FLOW MCF 0.00 | 0.0 | o0.00 0.00 | 0.00| o.00] o0.00 0.00
LOWER SPRAY FLOW MPPH | 1678 | 16.56 | 16.78 |  50.12 | 22.19 | 25.47| 26.92 | 74.58
UPPER SPRAY FLOW MPPH 687 | 222 | 132 | 1041 | 1148 | 14.90]| 1835 | 4473
GROSS LOAD MWH 130 134 132 132 128 130 128 129
AUX A LOAD MWH 6 8 6 7 4 8 4 5
AUX B LOAD MWH 6 6 4 5 4 4 4 4
BFP A DISC PRES _psia 2014 | 2018 | 2014 2015 | 1525 | 1527 1526 | 1528
BFP B DISC PSIG 2691 | 20893 | 2689 2801 | 1483 | 1485| 1485 | 1484
MAIN STM TEMP DEG F 958 on 979 969 | 1010 | 1010| 1010 | 1010
THR STAM FLOW MPPH 826 828 810 821 838 837 840 838
THR STEAM TEMP DEGF 962 976 983 873 | 1015 | 1014 1014 1014
FIRST STG PRESS Psia 631 636 627 631 661 657 660 659
COLD RH @ TURB PRESS | Psia 209 210 206 208 204 204 205 204
COLDRH @ TURB TEMP | DEGF 485 495 500 493 643 642 643 643
COLD RH @ BLR TEMP DEG F 485 498 502 494 642 641 642 642
HOT RH @ BLR TEMP DEGF 850 854 863 856 951 956 957 955
HOT RH @ BLR PRESS PSIG 188 188 183 185 180 180 161 180
RSH TUBE 10 TEMP DEG F 791 | 793 795 793 822 825 827 825

RSH TUBE 20 TEMP DEGF 824 825 830 826 869 871 873 871,
FSH TUBE 10 TEMP DEG F 895 905 913 904 936 939 939 938
FSH TUBE 20 TEMP DEG F 899 907 909 905 914 907 906 922
RHTR TUBE 10 TEMP, DEGF 803 809 820 811 918 923| . 926 922
RHTR TUBE 20 TEMP DEG F 349 350 353 351 385 386 385 385
AHTR GAS IN TEMP DEQF 521 523 528 524 559 560 561 560
BLR BLOWDOWN SILICA PPB 57.80 | 56.04 | 54.18 | 56.01 | 68.67 | 76.48| s83.59 | 76.25

HEATRATE SAVINGS WITH VARIABLE:245 BTU/KWH
PRESSURE AT 120 MW NET LOAD:

2.32%
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Table 6-2

IOWA PUBLIC SERVICE CO, - NEAL 2
FUEL COST SAVINGS PER YEAR - 1988-89

onp |rum cost| B | GO, | OCTiages | g [ s e
MW | $IMMBTU | mMBTUIHR| — $/HR HOURS | $ SAVINGS | HOURS |-$ SAVINGS
1 1.599 52.772 $84.38 4 $337.53 15 $1,265.74
21 1.599 52.772 $84.38 4 $ 338 6 $ 506
41 1.599 52,772 $84.38 3 '$ 253 6 $ 506
61 1.599 52,772 $84.38 138 $ 11,645 260 $ 21,939
81 1.599 52.772 $84.38 103 $ 8,691 238 $ 20,083
101 1.599 52.772 $84.38 83 $ 7,004 374 $ 31,559
121 1.599 46.103 $73.72 131 $ '9,657 369 $ 27,202
141 1.599 35.911 $57.42 457 * | $26,242 419 $ 24,080
161 1.599 25,89 $41.40 208 $ 8,528 196 $ 8,114
181 1.599 17.749 $28.38 180 $ 5,109 179 $ 5,080
201 1.599 13.088 $20.93 150 $ 3,139 144 $ 3,014
221 1.599 13.404 $21.43 109 $ 2,336 151 $ 3,236
241 1.599 20.087 $32.12 141 $ 4,529 147 $ 4,722
281 1.599 34.42 $55.04 122 $ 6,715 180 $ 9,907
281 1.599 57.583 $92.08 25 $ 2,302 30 $ 2,762
TOTALS 1856 $ 96,824 27114 - | $ 163,958
GRAND TOTAL | $ 260,780
ANNUALIZED GRAND TOTAL | $ 347,707
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power plant emissions. IPS engineers estimate the emissions savings for energy
produced by the ASD installation to be on the order of 150 tons of SO, per year.

Table 6-2 shows the ASD generated savings for the period October 1988 through June
1989 of $260,780. Scaling this 9-month savings to 12 months results in an annual
savings of $347,707. With the increased capacity covering the cost of the ASD
installation, the $347,707 fuel cost saving is-a direct efficiency improvement for
the unit.

An excellent review of this installation is contained in Reference 10.

SLIDING PRESSURE OPERATION CONFIRMED

This installation of high power ASDs in a boiler feed pump application along with
conversion of the unit to sliding pressure control confirms the benefits seen at
Ft. Churchill on a smaller unit with gas firing. Neal 2 is a coal fired unit and
even with lower fuel costs than originally expected, the fuel cost savings and
increased plant capacity are worthwhile for IPS.
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Section 7

SIERRA PACIFIC POWER COMPANY, TRACY PLANT
UNIT 3, BOILER FEED PUMP, 2000 HP ASD FIELD TEST

UNIT DESCRIPTION AND PURPOSE OF PROJECT

Tracy Unit 3 generating unit is a duplicate unit of the 110 MW Units 1 and 2 at
Ft. Churchill. Based on the excellent results obtained with the ASD installation
on the 2A Boiler Feed Pump at Ft. Churchill, Sierra Pacific Power decided to ]
convert the 3A Boiler Feed Pump at Tracy Unit 3 to adjustable speed. Operating
benefits were expected to be very similar to those realized at Ft. Churchill.

DESCRIPTION OF APPLICATION

At Tracy, Sierra Pacific decided not to relocate the control valve on the basis
that the valve could be Teft fully open with 3A pump operating, but would be
available for control of the 3B pump. This unit operates in similar manner to
Ft. Churchill, with the 3A pump operating at loads up to 75 MW and the 3B pump
available for load up to full load. An isometric view of the Tracy ASD
installation is in Figure 7-1.

ASD TECHNOLOGY

EPRI included this project in its field test program because it completed the .
technology evaluation story that began in 1983. The 6-pulse input and 6-pulse
output current-source, gate-turn-off (GTO) current source inverter has the ability
to eliminate the 5th, 7th, 11th and 13th harmonics to the motor at certain
frequencies by PKM control of the output waveform thus minimizing electrical
resonance between the motor and the output filter. At Tracy, the ASD consists of
a 4000/4000V input transformer, a 6-pulse rectifier, a dc link inductor, a 6-pulse
GTO-PWM 1inverter, an output capacitor filter and a by-pass switch arrangement.

The electrical system arrangement is in Figure 7-2. The circuit for the Tracy
Unit 3 ASD is shown in Figure 7-3.

OPERATING EXPERIENCE

The Tracy 3 boiler feed pump ASD went into service in mid-1987 and encountered a
number of GTO failures similar to the troubles at the OG&E Seminole ASD and the
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IPS Neal ASD installations. After the GTO application problems were resolved in
late 1987, the Tracy 3 ASD has performed without trouble. The by-pass switch
arrangement shown in Figure 7-2 used vacuum contactors and was very useful when
the GTO application problems were being resolved.

1
While the Tracy 3 and Ft. Churchill 2 units have duplicate boilers, they have
different turbine-generators. Ft. Churchill has'a General Electric turbine-
generator and Tracy 3 has a Westinghouse turbine-generator. The'necessany
revisions to the turbine control to achieve the low minimum loads at Tracy 3 had
not been made when the ASD tests were made. Consequently, the economic
performance at Tracy was not comparable to that seen with the ASD installation at
Ft. Churchill Plant. :

TEST RESULTS

Power measurements were taken in June of 1988 at the following loads:

20 MW
40 MW
55 MW
75 MW

The feed pump was operated on the ASD and on the electrical by-pass for each load
point. This allowed direct measurement of the power on valve control and on ASD
control. From the power measurements, input and output total harmonic distortion
“was determined and are shown in Table 7-1. Input and output current and voltages
are shown in Figures 7-4 and 7-5. Of interest is the very low 2.2% voltage
distortion at the input of this 6-pulse ASD with input transformers. This shows
that a 2000 HP ASD can be selected with 6-pulse configuration with input voltage
THD significantly below the 3% value that has been used in the five EPRI sponsored
ASD installations. o

RESULTS OF RETROFIT

The kw input on by-pass and on ASD.are plotted in Figure 7-6 along with the kw
savings vs load.

Power consumption on the by-pass connection reflects operation of the boiler feed
pump with valve control of flow and with constant boiler pressure. Power
consumption on the ASD control is also with constant boiler pressure. While the
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Table 7-1

TRACY PLANT, UNIT 3
BOILER FEED PUMP ASD

FIELD RESULTS

HARMONICS
% EXTRA
UNIT MOTOR MOTOR INPUT OUTPUT ASD
- MW HP FREQ. RPM LOSS THD-V THD-1 THD-V THD-I EFF
&
75 1722 60 3565 0.6 2.2 24.7 9.0 10.8 .983
55 1350 56.25 3342 0.9 1.6 24.8 9.3 10.8 .989
40 1053 56.25 3342 0.9 1.9 24.8 8.7 15.8 981
20 697 50 2970 1.2 1.4 24.9 10.0 18.8 .983
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savings are nowhere near as great as seen at Ft. Church.i'l'l, with reduced boiler .
pressure, the savings are significant enough to earn a respectable payback.

Annual savings at Tracy are estimated at $80,000 with a simple payback.of 3.4
years.

WHAT IS THE GTO’S EFFECT ON ASD DESIGN AND PERFORMANCE:
COMPARISON OF FT. CHURCHILL AND TRACY INSTALLATIONS

Description of ASD Equipment

The ASD technologies used in the two installations are different. The ASD that
was installed at Ft. Churchill in 1984 was typical for ASDs of that time. I@ is a
12-pulse input, 12-pulse output ASD with a current-source inverter. The 2000 HP
motors at both plants are duplicates and are rated for 4000V. The Ft. Churchill
ASD has a 900 volt dc 1ink and it requires input and output transformers. The
power circuit for this ASD is shown in Figure 3-3.

Each rectifier bridge for the Ft. Churchill ASD uses a single thyristor in each
leg. Each inverter bridge leg uses a single thyristor plus a blocking diode and
commutation capacitor. Thus, there are 24 thyristors, 12 diodes, and 6 capacitors
in the ASD. . .
\\:
I

Figure 7-3 shows the power circuit for the ASD used at Unit 3 at Tracy Plant. It
represents state-of-the-art technology for 1987. It has an input transformer, a
6-pulse rectifier, a 4000 volt dc 1ink, and a 6-pulse current-source GTO-PWM
inverter with an output filter capacitor. The rectifier bridge contains 36
thyristors. The inverter has 24 GTO thyristors and 24 blocking diodes for a total
of 84 power semiconductors. This ASD is capable of operation with one thyristor
out of service in each leg in both the rectifier and in the inverter. Both ASDs
have microprocessor controls. The blocking diodes were used because the GTOs are

of the unsymmetrical type.

These two installations show the changes that have been made in ASDs for large
motors over the period of the past few years. The 12-pulse input, 125pu15e output
system has basically been superseded by a 6-pulse input, 6-pulse output system
with output capacitor filter. This simplification has resulted in a cost saving
for the project of about 30 percent.
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ower_Savings - Advantage of Slid essur

Comparison of the boiler feed pump horsepower at the two stations appears in
Figure 7-7. '

The Ft. Churchill boiler feed pump, operating with the unit at minimum load and
reduced boiler pressure, runs at 200 horsepower. With constant speed operation,
constant pressure operation and valve control, the horsepower was previously
measured at 940 HP. This reduction in power for a year’s time at 8000 hours per
year results in saved energy of 4.4 x 10° kwhr.

At Tracy, with a load duration curve as depicted in Figure 7-8 and without
conversion to sliding pressure operation, motor horsepower at 20 MW minimum load
drops to 750 HP from 1700 HP with the ASD. The energy savings were 2.0 x 10% kwhr
per year.

At Ft. Churchill, the total value of reduced power output from the unit and
increased efficiency of operation has been estimated at $1.6 million per year.
Without the benefit of sliding pressure operation and with no reduction in minimum
load, the annual savings at Tracy Unit 3 with the load curve of Figure 7-8 have
been evaluated at $88,000 per year.

Harmonic Distortion - Voltage and Current

Table 7-2 shows that voltage distortion can be controlled equally well with a 6-
pulse input or a 12-pulse input for a 2000 HP ASD in this size power plant. There
is significantly more current distortion at the input for the 6-pulse drive. No
problems have been identified with other auxiliary equipment or control systems
that can be related to the higher level of current distortion.

A comparison of current and voltage distortion at the motor terminals is also
shown in Table 7-2. The GTO-PWM inverter offers better control of voltage
harmonics at the motor by not producing the high frequency spikes seen in output
of the 12-pulse current-source inverter. However, the basic sine wave of the 12-
pulse system is better as evidenced by the lower current harmonics. The current
harmonics produced by the GTO-PWM inverter are entirely acceptable for this
application as evidenced by no noticeable extra motor heating or vibration.
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Table 7-2

COMPARISON OF HARMONIC DISTORTION OF

ASDs AT 'FT. CHURCHILL AND TRACY

FT. CHURCHILL 2
12-PULSE INPUT, 12-PULSE OU"IT’UT

. TRACY 3
6-PULSE INPUT, 6-PULSE OUTPUT

% THD % THD % THD % THD
MW VOLTAGE CURRENT Mw VOLTAGE CURRENT
90 2.4 10.7 75 2.2 24.7
75 2.3 11.0 55 1.6 24.8
50 2.1 11.4 40 1.9 24.8
25 1.9 11.9 20 1.4 24.9
12 1.0 10.9
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Section 8
SUMMARY

ASD EQUIPMENT

EPRI has provided a strong 1eadérship role in the development of a sophisticated
power-electronics-based technology for converting fixed-speed sqhirre] cage
induction motors in power plants to adjustable-speed operation. Although a number
of inverter technologies have been found to exist commercially for large motors,
three U.S. designed technologies have survived the rigors of competition. They

are as follows:

Current-source
Modified load commutated (modified LCI)
~ Current-source GTO-PWM

Of these three, the latter two are still being successfully sold for large motors
(2000 HP and larger). The current-source system has been shown to have a number
of excellent features at the Sierra Pacific Power, Ft. Churchill Plant on the Unit
2 boiler feed pump. It has good harmonic control when used in a 12-pulse input,
12-pulse output configuration, it has no output filter capacitor requirement, and
can be used in a full regenerative braking mode.

The modified LCI inverter, another form of current-source technology, has provided
an economic ASD system that has shown the utility industry that it can reduce fuel
costs in many motor applications with electronic speed control. The modified LCI
system has the simplicity afforded by a rectifier and inverter using the same
components. The dc Tink diverter circuit provides for inverter commutation when
the output filter capacitor can no longer provide excitation to the induction
motor to allow LCI operation. This system has been packaged with water cooling of
the power electronics to simplify the overall cooling system. Water cooling is
important for many power plant applications where the air is contaminated with
coal or ash dust.

The modified LCI system has been offered in a 6-pulse input, 6-pulse output
arrangement without an input transformer and with an output filter capacitor of
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about the motor KVA rating. Experience has shown that there are two problems with
this concept. First,'without the input transformer excessive 1ine-to-ground
voltages can develop. As the result of applying this ASD without an input
transformer, motor winding failures have occurred in form wound stator coils.

Form wound coils are generally used in motors rated 2300 volts and higher. Form
wound coils are made with rectangular cross-section wire. The coils are
preinsulated and shaped to fit the stator slots-with minimum clearance. Motors
rated 575 volts and lower use a random wound‘insu1ation system which has more
voltage margin; ASDs without input transformers have been widely successful on the

Tower voltage motors.

The input transformer, along with a system ground near the motor terminals,
eliminates this overvoltage problem. Once a decision has been made to use an
input transformer, the rectifier can be configured in a 12-pulse arrangement at
very little extra cost to'eliminate the powerful 5th and 7th harmonics to the
auxiliary busses. This feature by itself is usually enough justification for ;he
use of an input transformer.

A second problem has surfaced with the modified LCI system. The large output
capacitor filter can lead to a resonant circuit with the motor’s leakage reactance
at about 50% speed. Resonance has been observed with the 5th harmonic current in
measurements at Willow Glen Plant.

While this condition caused no problems at Willow Glen on the high speed, low
inertia boiler feed pump, there have been other instances reported on high inertia
fan applications of motor shaft vibration and fatigue that is related to high 5th
or 7th harmonic currents in the motor windings. Shaft torsional vibration on high
jnertia fans is now being avoided by shifting the electrical resonance frequency
with output reactors. Because of the potential for frame vibration, shaft
torsional vibration, and foundation vibration when operating this inverter on high
inertia fans in the region of electrical resonance between the filter and the
motor, the user may wish to specify a 1imit on any .single output current harmonic
not exceeding 15% of the fundamental at any frequency. An output 5th harmonic of
less than 15% would be expected for a 6-pulse inverter, with filter, operating
without an electrical resonance condition.

Another version of the modified LCI system was tested at Iowa Public Service, Neal
Unit 2 on 2-7000 HP boiler feed pumps. This system with input transformers and
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12-pulse rectifiers has a GTO diverter circuit. The GTO Tink commutator circuit
controls the output harmonics to avoid filter resonance.

Both the modified LCI and current-source GTO-PWM technologies use large inductors
in the dc 1ink. This makes both of these systems current-source type systems
rather than voltage-source systems. The advantage of the current-source system is
that the large dc link inductor limits the fault current to the inverter and
misfiring of inverter power devices does not result in shutdown. The voltage
source system which is widely used in ASDs rated 5 HP to 200 HP with power
transistors is available in large ASDs manufactured by overseas companies. They
have not been competitive in price in the U.S.

The current-source GTO-PWM inverters being demonstrated in this EPRI field test
program represent the highest degree of technology available at the time of these
tests. The pulse width modulation technology along with a smaller output filter
allows wave shaping at all inverter outputs giving the effect of a 12-pulse or 18-
pulse inverter with a single 6-pulse bridge. Resonance between the motor and
output filter is eliminated by omission of the offending frequency with PWM
control.

The compiex PWM operating system requires the use of microprocessor control to
change the pulse width patterns with frequency. At full speed, the output is a
filtered square wave without PWM wave shaping.

This concept was tested at two locations under this EPRI study. The Oklahoma Gas
& Electric Co. Seminole Plant, Unit 1 installation of 2-5500 HP FD Fan ASDs and
the Sierra Pacific Power Co. Tracy Plant, Unit 3, 2000 HP Boiler Feed Pump ASD
installation.

ECONOMICS

The field test program shows that there are good economics to be obtained in ASD
retrofits. The economic study needs to be done with accurate information.
Table 8-1 1ists the results of these five retrofits.

It has been clearly shown that boiler feed pump motor retrofits provide excellent
payback if the unit is operating with sliding pressure. A1l retrofits are
sensitive to annual load duration curve and fuel cost. In many cases Toad
duration and fuel costs are difficult to predict.
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Table 8-1
ECONOMIC SUMMARY ASD RETROFITS

STAfIOh! " ASD APPLICATION ANNUAL SAVINGS YEARS PAYBACK
FT. CHURCHILL 2-1000 HP BOILER FEED pp " $1,600,000 .3
‘z WILLOV! qu ]-2250 HP POILER FEED pp 130:000 2.5
NEAL 2-7000 HP BOILER FFED PP 348,000 7.7
SEMINOLE 2-4000 HP FD FANS 231,000 5.4
TRACY . 1—2090 H'? BOILER FEED pp 80,000 3.4




Tables 8-2 and 8-3 summarize the harmonic levels measured in these tests. The
results show that voltage harmonics to the system can be kept to low levels. This
suggests that, before selecting, the 12-pulse or 6-pulse transformer connection,
both alternatives need to be evaluated for lowest cost.

HARMONICS |
At the time of these tests, we do not have stand}rds that provide limits for

harmonic levels at the input to the motor. A wide range of current and voltage

harmonics, as listed in Table 8-3, have not caused motor problems in these tests,

but as suggested earlier, for high inertia fans a 1imit should be considered.

RELIABILITY

A1l of the ASDs of these field tests have been reliable after periods of initial
fpi]ures. After the problems were solved, there have been no complaints about
reliability. In retrospect, with so much being learned by both manufacturers
during this period of time, these learning curve problems were to be expected. It
would appear that ASDs being applied now should not have a design concept related
failure profile.

APPENDIX ' <.

Major outputs of these tests include the ASCON II economic analysis computer
program, the evolution of the ASD specification, and the evaluation of over 50
utility generating units for ASD retrofit economics.

To aid engineers in using this new technology, an Appendix has been provided in
this report where valuable background information is isolated and presented in a
distilled format. ] .




Table 8-2

SUMMARY ASD INPUT HARMONICS - 4kV BUS
PERCENT TOTAL HARMONIC DISTORTION

FT. CHURCHILL NEAL
MW FREQ. THD -V | THD -1 MW FREQ. THD~V | THD -1
90 60.2 2.3 10.7 270 50 3.60 17.3
75 55.8 2.3 1.0 180 43.8 2.88 18.0
50 52.5 - 2.1 11.4
25 50.3 1.9 11.9 90 37.5 2.67 23.9
12 31.7 1.0 10.9
WILLOW GLEN TRACY

MW FREQ. THD -V | THD -1 MW ' FREQ. THD -V | THD -1
115 58 2.05 24,8 75 60 2.2 24,7

80 50 1.49 25,7 55 56.25 1.8 24.8

40 44 .99 26.6 40 56.25 1.9 24.8
15 35 .70 35.3 20 50 1.4 28.9

SEMINOLE . 1A
Mw FREQ. THD ~-V.| THD -1
400 50 5.16 14.1
300 43.75 5.10 14.8
250 40 4.7 16.7
150 43.75 5.3 12.8
SEMINOLE 1B

Mw FREQ. THD -V | THD -1
400 49.05 53 " 14.1
300 43.75 5.2 14.8
250 39 4,5 16.7
150 43 4.5 12.8
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Table 8-3

SUMMARY ASD OUTPUT HARMONICS - AT MOTOR
PERCENT TOTAL HARMONIC DISTORTION

FT. CHURCHILL NEAL
MW FREQ.. | THD-V | THD -1 MW FREQ. THD -V | THD -1
90 60.2 10.6 9.3 270 50 11.2 11.2
75 55.8 16.4 9.6 180 43.8 7.6 8.8
50 52.5 16.0 9.4
25 50.3 16.7 9.5 80 37.5 9.8 28.5
12 31.7 24.6 8.6
Wl!.LOW GLEN TRACY
MW FREQ. | THD-V | THD -1 MW FREQ. | THD-V | THD -1
115 58 7.8 14.46 75 60 9.0 10.8
80 50 10.32 25.6 55 56.25 9.3 10.8
40 44 12.06 38.1 40 56.25 8.7 15.8
15 35 16.86 67.1 20 50 . 10.0 18.8
SEMINOLE 1A
mw | - FReQ. THD -V | THD -1
400 50 13.9 17.6
300 43.75 8.0 8.6
250 40 16.6 ° 15.6
150 43.75 8.8 9.6
SEMINOLE 1B
MW FREQ. THD -V | THD -1
400 49,05 8.6 18.9
300 43.75 8.2 8.3
250 39 14.1 17.4
150 | 43 8.8 10.1
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Section 9
CONCLUSIONS

This test program is bringing to the attention of EPRI members the remarkable
advances in power electronics control of large induction motors in power plant
applications. Different housings, different cooling systems, different rectifier
arrangements, and different inverter technologies have been analyzed, and.
preferred ASD application procedures have been identified.

Because the application of adjustable-speed drive to large induction motors is a
new technology, there have been a number of things learned in this series of
studies during the period of 1984-1989 while the field tests were being
undertaken. In this section some of the lessons learned are identified and
conclusions are presented.

HARMONICS

The tests have demonstrated that the input transformer combined with a 12-pulse
rectifier bridge can be used effectively to control the 5th and 7th harmonics (and
muitiples) from the input side of the ASD. This was demonstrated at Sierra
Pacific, Ft. Churchill Plant, Oklahoma Gas & Electric, Seminole Plant and Iowa
Public Service, Neal Plant. Also, concerning input harmonics, jt is important
that an input transformer be used for a secondary purpose of keeping dc out of the
system, thus eliminating even harmonics. Even harmonics were seen at Willow Glen
which did not have an input transformer. The use of an input transformer and a
properly tuned rectifier and inverter should produce a harmonic profile at the
input similar to that seen at Ft. Churchill in Figure 3-6 (Section 3, Figure 3-6).

For a single large motor with ASD on a single bus, the input harmonics result in a
* voltage total harmonic distortion of less than 3%. From the results of these
field tests, 3% THD does not result in harmonic problems on the supply system.

The input harmonics from each of the test projects are summarized in Table 8-2.

The voltage harmonics at OG&E are highest, in the range of 4.5 to 5.3% THD. This
level seems to have resulted from the manufacturer having inadequate information
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on the system arrangement. Both FD fan motors are fed from the same transformer
at OG&E and it is not clear that the manufacturer understood this. At the 5.3%
THD level at OG&E there have been some problems with harmonics affecting drum
level controls and burner controls.

The concern with input harmonics is that they will affect adversely other
equipment in the plant. From this work, it appears that at the 3% THD level there
are no problems, but that there may be problems at the 5% level as seen at OG&E.

Output harmonics affect the operation of the motor. Voltage harmonics or spikes
can harm insulation. Current harmonics can cause eddy current heating in the
stator and rotor windings and current harmonics can cause torsional torque
pulsations. Two manufacturers of ASDs supplied equipment that was analyzed in
these field tests. Both use output capacitor filters to smooth the shape of the

current wave for the motor. From Table 8-3 of output harmonic test results, it is.
seen that the 12-pulse output offers the lowest output current harmonics, followed

by the GTO-PWM inverter.

There has been no evidence of motor heating in any of the motors observed in the
field tests, either from hot motors or winding failures.

SHAFT VIBRATION

Vibration in induction motors is different from that seen in fans or pumps because
of the magnetic pull that is present in the electric machine and the slip speed
that is a characteristic of the induction motor. For instance, with a bent shaft
the vibration will have the pattern seen in Figure 9-1. There are two levels of
vibration, one where the magnetic pull of the stator pulls against the high spot
and one where the high spot does not see the magnetic pull. These two levels
exist because of the differences in speed of the stator rotating field and the

rotor shaft which is called "slip".

A similar pattern can develop with a straight shaft that is not centered in the
stator. The magnetic pull at the small air gap will cause a bending of the rotor
and rotor lateral vibration. '

According to the authors of Reference 8, torsional vibration can affect lateral
vibration with a pulsation frequency of Wm + Wp, where Wm is the mechanical speed
and Wp is the frequency of the torque pulsation.
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MOTOR TEST TREND 8 HR
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Figure 9-1

EFFECT OF MAGNETIC PULL ON SHAFT VIBRATION AMPLITUDE
3500HP, 3600 RPM INDUCTION MOTOR
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There has been éome evidence of tors%ona]s being translated to heavy laterals with
the modified load commutated inverter on large fan motors. The torsionals were
developed by heavy 5th or 7th harmonic currents flowing when the output filter
became resonant with the motor inductance. To correct this, reactors were added
in series with the motors to shift the electrical resonance away from the shaft
resonance. With the GTO-PWM inverter, this problem doesn’t develop because the
harmonics causing electrical resonance can be eliminated by notching the inverter
output current waveform in specific patterns.

STATOR FRAME VIBRATiON AND NOISE

The squirrel cage induction motor produces a series of forward and backward
rotating magnetomotive force (mmf) harmonics that depend on the number of stator
and rotor slots. The number of stator and rotor slots, called the slot
combination, is selected based on design considerations and experience so that the
rotor and stator harmonics do not combine to cause core and frame vibration and
noise. When the motor is supplied from the ASD, the ASD generates a set of
harmonics that also produce forward and backward rotating mmf harmonics. The ASD
generated harmonics may excite a core and frame vibration that was eliminated in
the original motor design. This condition has been observed on a motor driven by
a GTO-PWM inverter which was not a part of this field test program. By adjusting
the chopping frequency, it was possible to reduce the vibration and noise to a
very low level that was acceptable.

Low level high frequency vibration has been seen on the FD fan motors at Seminole
during the tests. This was the effect of ASD produced harmonics on the motor
core.

POWER SAVINGS IN BOILER ‘FEED PUMP MOTORS FROM
SLIDING PRESSURE OPERATION

The results from operating the Ft. Churchill Unit 2 boiler feed pump at reduced
boiler pressure with the ASD are documented .in this report. Since the duplicate
Tracy Unit 3 at Sierra Pacific Power has not been equipped to operate with sliding
pressure, the test results from Ft. Churchill and Tracy offer a comparison of
motor shaft horsepower when operating with and without the ASD and also a
comparison to the horsepower with sliding pressure operation.

Figure 7-7 shows boiler feed pump horsepower versus MW output for Tracy 3 on valve
control and on ASD control and Ft. Churchill on ASD control. They both operate
with constant throttle pressure down to minimum load, but at minimum load, boiler
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pressure is reduced from 1780 psi to 700 psi and the boiler feed pump horsepower
drops to about 200 HP. This compares to 1080 HP for Tracy at minimum load on

valve control.

The use of adjustable speed drives on power plént boiler feed pumps in these
projects has been shown to facilitate operation of the turbine and boiler with
reduced pressure at low load conditions. This reduced pressure operation was
demonstrated at Ft. Churchill Plant to produce substantial economic savings from
better boiler and turbine efficiency at low load. Additional savings are derived
from reducing minimum load so that the offset power production can be obtained
elsewhere at lower cost. The use of the speed controlled pump for reducing boiler
pressure is a key to reduced pressure operation since-it eliminates the pressure
drop across the control valve and associated valve maintenance costs. The power
electronics provide a non-intrusive way to convert to adjustable speed since this
system does not require physical changes in motor or pump. Also, the electronics
provide a very flexible control system with excellent response in controlling
boiler drum level. Reliability has been established by these installations to the
extent that Sierra Pacific Power Company has continued to install ASDs on other
large power plant equipment.

KEY FACTORS IN SPECIFYING ASDS ° N

There are a number of factors that affect the cost of an ASD. Basically,’ these
are the current capability, voltage capability, the cooling system, the housing,
harmonic limitation requirements.

CURRENT CAPACITY
Factors that affect current capacity are as follows:

Horsepower rating of ASD
Acceleration rate
Current limit

The purchaser of an ASD should establish the horsepower rating of the ASD. It can
be equal to the motor full load rating, the motor service factor rating or it can
be greater or lesser than these ratings. If it is known that the maximum
horsepower required of the motor is always less than the motor rating, the ASD
should be rated accordingly. On the other hand, if it is questionable that the
motor is large enough and there is a possibility that the motor will be replaced
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with a larger motor in the future, it may be wise to select an ASD rated larger
than the existing motor. -

The ‘acceleration rate establishes the full current rating of the power
semiconductors used in the ASD. To control cost, the acceleration rate should be
specified no higher than necessary. The acceleration rate and the current limit
are related. Too lTow a current Timit will 1imit acceleration. Therefore, the
acceleration rate should be specified, but the current Timit should be left to the
manufacturer.

VOLTAGE CAPACITY

The voltage capacity is established by the N+l requirement. U.S. manufacturers
generally recommend that one extra thyristor per leg be furnished in the rectifier
and in the inverter. This requires 6 extra thyristors in each bridge, but it
allows the ASD to continue to function without interruption with a thyristor
shorted, in fact with a thyristor shorted in each leg. This has the effect of
providing 25 to 33% extra voltage margin when all thyristors are working properly.

HARMONIC LIMITS

Input harmonics are generally controlled by thé available system fault current,
the impedance of the input transformer, and the choice of the 6-pulse or 12-pulse
rectifier. If the input transformer configured for 12-pulse operation is not
sufficient to 1imit harmonics, then an 18-pulse input or, alternately, an input
filter, can be used to achieve the THD required. Before specifying THD it is
recommended that the plant one-line diagram with impedances and available fault
current be reviewed with the ASD manufacturer to get an approximation of the THD
that can be achieved with 6-pulse-or 12-pulse rectifier.

Because of the reliability demands on electric utility high horsepower ID Fans and
FD Fans, it is not acceptablie to introduce shaft torsional vibration, frame
vibration, or foundation vibration into the system with the ASD. Means are
available to control harmonics to the motor: 12-pulse inverter or GTO-PWM
inverter. When specifying ASDs for high horsepower, high inertia power plant
fans, limits should be established for the amplitude of current harmonics that
enter the motor. This is best done by putting words into the specification
V1imiting harmonics to the motor, as shown in the Sample Specification, Appendix D.
Also, the manufacturer should perform a torsional resonance study and demonstrate
that there are no Timitations in the operation of the motor from ASD induced
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vibration. Harmonics to the motor can also result in heating and stator coil
insulation punctures. These should be addressed in the ASD specification, with
the responsibility left to the ASD manufacturer. .

UTILITY SPECIFIC ASD

The lessons learned in these five installations and from several other recent
utility installations of induction motor ASDs have contributed to a concept for a
second generation ASD specifically for power plants. Features of the power plant
specific ASD are as follows:

° Use of input transformer for 12-pulse or 18-pulse converter

[ Grounding of ASD system to stabilize dc 1ink voltage and eliminate
motor over-voltage

o - Built-in design tolerance for bus voltage swings, spikes and
interruptions

o . MWater-cooled thyristors for simplified and more effective cooling

.: Cogtro] of or elimination of resonance between output filter and
motor

The utility specific ASD is shown schematically, in Figure S-1 of Executive
Summary. A%

FAN NOISE REDUCTION

The only fans evaluated in this series of field tests were the 4000 HP FD fans at |
Seminole Plant, Unit 1 of Oklahoma Gas & Electric Co. The reduction of fan noise f
at reduced speed can be of significant interest to utilities. Unit 1 at Seminole ' |
was not an ideal unit for a fan noise study because the two adjacent operating

units eliminated the possibility of noise measurements on three sides of Unit 1.

On the fourth side of the unit there was a building which caused reflections that [

affected the measurements. With these limitations it was still possible to record

a drop in sound level from 90 db to 84 db at a location 10 feet from one of the

fans with a speed change from 900 rpm to 660 rpm. This is a 50% reduction in

noise and even a greater reduction in terms of perceived noise by the human ear,

Fan noise and perceived noise are discussed in Appendix E.

Coupled with power savings, fan noise reduction can be an important consideration
in selecting an ASD for a power plant fan application.
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SENSITIVITY OF FLOW VS MW INPUT: ASCON II

The nonagreement between calculated power savinds and measured power savings at
Oklahoma Gas & Electric demonstrate the importance of accurate inputs to the ASCON
I1 computer program for calculating the economics of potential ASD installations.
In fact, the flow vs megawatt input is one of the most important inputs to the
program because it provides the flow basis for the pressure, horsepower, and speed
calculations that follow. While accuracy is desirable for all the other inputs
such as heat rate vs load, fan pressure vs flow, brake horsepower vs flow, and
flow vs head (system resistance), the flow vs MW is the most critical input for
overall program accuracy.

If tested flow vs MW data is not available from the power plant, a reading of
motor current should be obtained. Flow can be estimated from the fan or pump
curve of brake horsepower vs flow after the motor current is converted to motor
horsepower. ASCON II will be available from Electric Power Software Center in the
fall of 1990.
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Section 10
TOPICS TO CONSIDER FOR FURTHER STUDY

In the course of conducting these field tests and related ASD activities, a number
of questions have arisen for which it has not yet been possible to obtain the
answers. Several of these items that may need further study are listed here.

* IMPROVED HEAT RATE AND PLANT CAPACITY

This series of field tests has shown thatdASDs can improve the heat rate of
generating units and in some cases, where pumps or fans are being throttled at
full unit rating, ASDs can increase plant capacity without an increase in
emissions. This is an important finding.in view of the recent world-wide concern
for the environment.

Nearly all proposals for programs to reduce atmospheric heating (the greenhouse
effect) include maximum conservation of energy and more efficient usage of
existing generation facilities.

L

The use of ASDs to improve the efficiency of power plants and to extend the
capacity of power plants as verified in this study suggest that follow-up work
should be done to quantify what can be done in the U.S. to improve the environment
by applying ASDs to generating units:

o.. Estimated SO, reduction from using ASDs inAfossil units

m—

o- Estimated NO, reduction from using ASDs in fossil units

o. Estimated capacity increase in fossil and nuclear units from using
ASDs on largest motors

SMALL ASDS FOR POWER PLANTS

This-field test program has provided valuable information on the technology that
is available for large induction motor ASDs for power plants. This work has been
carried out on retrofits, but certainly will impact the desigh of new power
plants. It is suggested that a study be made on retrofitting small motors (5 to
200 hp) in power plants to determine the impact of this technology on the design
and efficiency of new power plants. For instance, the conventional motor control
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center may be replaced with a single large rectifier, a single large dc link
capacitor and numerous transistor type voltage source PWM inverters, one for each
motor. Of interest would be fuel cost savings, control equipment cost offsets and
jdentification of motors that could benefit from ASDs.

Since the total MW of small motors in a power plant do not match that of a single
large FD Fan, the power savings from using ASD control on all small motors will
not match the savings on a single large fan. The savings are however significant.
Considering the cost per Kw of $1200/Kw for a fossil fueled power plant, a savings
of 2000 Kw for the aggregate of small motors in a 1300 MW unit would result in
$2.4 million in capital cost reduction.

Also, the concepts used in motor control for small motors in industry and in
utility power plants are 40 years old. It is time to look at the impact of
valveless control systems for industrial and utility power systems.

Valveless control systems offer not only energy savings but improved precision of
control and better means for integrating the control system into the distributed
process control system of the plant. This study would also identify possible
capital savings of reduced piping, reduced cable and conduit, and elimination of
control valve.

DETERMINATION OF SYSTEM HARMONIC LEVEL

Present practice for determining harmonic levels on the utility bus is for the ASD
manufacturer to perform a harmonic analysis of the ASD installation. It would be
preferable for the utility application engineer to have the use of a simple, user
friendly PC program to perform the analysis. This would allow him to investigate
different input transformer configurations and explore the effects of adding ASDs
to other motors on the bus at a later date. Such a program would also be useful
for analyzing the effects of installing low horsepower, low voltage ASDs at the
motor control center level (5 to 200 hp). Also, for instance, such an analysis
could determine to what horsepower level can the Tracy 6-pulse input arrangement
be taken without exceeding 3% THD V. A 2000 hp motor was tested at Tracy. Could
the Tracy unit tolerate a 3000 hp motor without exceeding 3% THD.

When this project was conducted in 1986, the ASD manufacturer made the 6-pulse vs

12-pulse decision and no sensitivity analysis was offered at that time on the
effect of any larger horsepower ASD ratings on voltage distortion.
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LIMITS OF THD(I)

From the results of these tests, it was seen that these current-source type
inverters can have low voltage THD. A diverse set of current THD values were
seen. Some analytic effort should be made to determine what level of current THD
would cause problems for motors, at full load and at part load.

SYNCHRONOUS MOTORS VS INDUCTION MOTORS

Some manufacturers have been able to establish the concept with utility engineers
that for new power plant installations and for retrofits that require new motors,
the synchronous motor with load commutated inverter is preferable to the induction
motor with self-commutated inverter because of the better efficiency of the
synchronous motor as compared to the induction motor.

The induction motor, with no insulated rotor components and no excitation system,
has been traditionally used in power plants because of its simple construction,
Tow cost, and record of reliability. Because of the more complex insulated rotor
construction, it is questionable that the synchronous motor, with the additional
exciter and voltage regulator components plus the possibilities for rotor shorts
and grounds, would have comparable reliability to the induction motor,
particularly in the often hot, dusty or wet enV1ronment of a coal fired power
plant.

e

To put this question of which motor to select in perspective, a study should be
made comparing the cost, efficiency, relative reliability, and range of horsepower
and speed available of synchronous motors and induction motors with ASDs.

INDUCTION MOTOR NOISE AND VIBRATION f

Constant speed induction motors are designed with the number of stator slots and
rotor slots carefully selected to avoid core and frame vibration produced by slot

" harmonics. The selection of stator slots and rotor slots is largely based on

experience, although there is some mathematical basis available to evaluate

~ induction motor produced harmonics.

With the application of the ASD to the induction motor a new set of harmonics are
applied to the motor that can generate core and frame vibration in place of the
slot harmonics that were carefully designed out of the motor.
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It would be beneficial to the application engineer to have a means of defining
which harmonics excite core and frame resonance and consequently should be avoided
in the ASD output.

TORSIONAL VIBRATION ANALYSIS

The average engineer working with the application of ASDs to large motors does not
have a clear understanding of torsional vibration other than to know it is of
concern and can result in broken shafts. A study discussing torsional resonance
in induction and synchronous motors with high inertia loads would be beneficial to
application engineers. Significant areas for research are:

] Basics for torsional resonance calculations
) Understanding the Campbell diagram
o~ Typical motor shaft capability and allowable harmonic levels

o: Differences between induction motor and synchronous motors as
related to torsional vibration

o~ Impact of application of damping couplings

FAN NOISE REDUCTION

The noise tests on the Seminole Unit 1 FD fans demonstrated that fan noise
reduction can be achieved with ASDs. This particular site was not suitable to
quantify the reduction because of the noise from adjacent units. A search should
be made for.another FD fan installation, preferably a single unit with extended
unobstructed space around the unit. For such a site noise reduction data could be
obtained at Tittle cost that would be valuable to the industry in view of urban
population growth near existing power plants.
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Appendix A
FIELD MEASUREMENTS

As part of the detailed engineering work of this project, a coast-down test was
conducted on the motor and pump or fan. The vibration amplitude and frequency
were recorded as the motor and driven equipment coasted down after being tripped
at full speed. The data was evaluated to determine if there were any serious
mechanical resonances in the system that are a function of speed. If a serious
resonance frequency existed that is excited at a particular rotating speed,
operation at that speed would be avoided. The vibration measurements were taken
with a real-time spectrum analyzer.

For electrical measurements to verify performance, volts, amps and watts at the
input and output of the power converter were needed. When using conventional
meters, it is difficult to know if the readings are correct because the operator
of the metering equipment has no way of knowing of the provisions, if any, that
the meter manufacturer has made in his equipment for distorted current and voltage
wave forms.

To solve this metering problém, the same apparatus that was used for the vibration
measurements was used to record electrical quantities. This equipment is as
follows and it was ‘connected as shown schematically in Figure A-1:

HP5423A Structural Dynamics Analyzer
HP54470B Digital Filter

HP54410A Analog/Digital Converter
HP7275A Plotter

Oscilloscope

Cassette Data Recorder

These devices operate at a low signal level in the range of a few volts. A
current transducer was used in the CT circuit and a voltage transducer was used in
the PT circuit to obtain the proper voltage levels.

After discussions with manufacturers of current and potential transformers and
with electric utility personnel experienced in site harmonic measurements, it was
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EQUIPMENT FOR MEASURING

ASD INPUT AND OUTPUT ELECTRICAL QUANTITIES
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decided that the current and potential transformers in the power plant switchgear
were suitable for these measurements. While the frequency of the harmonics is
higher than the rated frequency for these devices, the amplitudes of the voltages
encountered in these tests were low enough that core saturation effects would not
be a factor. )

POWER MEASUREMENT

The two wattmeter method was used to measure power. With the motor operating at
constant load, first one set of readings was taken at the 4 kV switchgear for the
input to the ASD, the voltage between Phases A and B and current in phase A. Then
another set taken of voltage between phases B and C along with the current in
Phase C. Then, another set of similar readings were taken at the output of the
ASD at a point in the circuit past any output transformer or filter. It is
realized that this is not as accurate as measuring all three phases simultaneously
at input and output, but if using only one set of measuring equipment it provides
a good approximation when the load is maintained constant.

To determine power, the real-time spectrum analyzer can be used in two ways as
follows:

FUNDAMENTAL QUANTITIES AND HARMONIC QUANTITIES

. The current and voltage wave forms as shown in Figure A-2 for Ft. Churchill can be
broken down with the fast Fourier Transform feature of the analyzer into the
fundamental and harmonic components as shown in Figure A-3. The fundamental
components of current and voltage produce useful torque and harmonic components
produce torques which tend to cancel since some are forward rotating and some
backward rotating. Where matching harmonic pairs exist, such as a 5th harmonic
current and a 5th harmonic voltage power losses occur. Power can be calculated as
in the following example with the two wattmeter system measurements:

PA = V1 I1 COSe1 + V2 I2 COSe2 + V3 13 C0Sey + ...
+ VN IN COSeN
Pg = Vy I, C0Sey + V, I, COSe, + V3 I3 COSeqy + ...

+ VN IN COSeNi
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Total Power = PA + PB
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INTEGRATION OF CURRENT AND VOLTAGE

Alternatively, power can be determined by multiplying current by voltage,
separating real and imaginary components, integrating the real or watt component
with respect to time and taking the energy per .second or slope of the curve as
power. This can be done with the real-time structural dynamics analyzer as shown
in Figure'A-4 and Figure A-5, again, taking the sum of the two wattmeters.
Analytical verification of this method is developed.

The real-time spectrum analyzers have the capability to record current and voltage
wave shapes as shown in Figure A-2, multiply them together as in Figure A-4, and
separate real and imaginary components (watts and vars). Figure A-5 shows the
integral of watts or watt-seconds as a function of time. The slope of this wave,
or derivative, is watts. In the following example to verify this procedure,
current and voltage are assumed to be in phase for simplicity. If voltage and
current were not in phase, the real power expression derived will be the same
except with terms including cos 0.

The instantaneous voltages and currents are as follows:

e(t) = VMl Cos oy t+ VM2 cos o, t
(1)
+'VM3 cos vy t+ ...

i(t) = IMl cos vy t + IMz cos o, t
' (2)
+ IM3 oS ug t+ ...

The instantaneous power will then be as follows:
- 2
p=Vl= VMl IMl Ccos™ oy
+ V., I cos2 o, t
M2 "M2 2.

+ VM3 IM3 COSZ 03 + ..
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Energy as a function of time will be the integral of the instantaneous power:

E v (t) i(t) dt =V, I b os? t dt
= e ] coS [A)
ol M1 I OI 1

L
+ VMZ IMz oI cos™ o, t dt

t o2
+ Vy3 Iys oI cos” ug t dt (4) ‘
Since
C0s2X = cosex - sin®x = 1 - 2 sin’x ) (5) ‘
Then
@ cosZot = -l-'tcg—sz‘ﬁ (6)
) Substituting in .equation (4), | . .

t
l+cosZult dt

E, =V, I
1 Ml "Ml oj 5

Vyr Ly [ t
- ML ML | [ dt+ [ cos2atdt
2 o’ o

o

Vg I B
B ) Wt ) § _1
5 +|:2°1 sinZolﬂojj

[ad

Ve I B
- ML ML, El- sinZuIE] . (7)
|
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Tikewise, for the second ferm,

Ey = Vo Iyo E * 7oy sinZozﬂ (8)

The total instantaneous energy for the fundamental and harmonic quantities will be

N Vyyoy '
£e I Hid)_—HLE) E + o8 sinzu(i)ﬂ (9)

When plotted, this equation takes the form of the curve shown in Figure A-5.

The average energy will be
N Vi) T 10
Epye = I A0l (10)

ave i1y

Power is then %% ofithe slope of the curve of Figure A-5.
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Appendix B
. HOW TO IMPLEMENT A SUCCESSFUL UTILITY ASD RETROFIT

The ASD Field Test Program (RP-2951-6) has engineered, tested and studied seven
ASDs at five electric utilities that were installed on large utility power plant
motors. These installations demonstrated differing versions of three separate
inverter technologies and were for both pumps and fans. The motor horsepower
ranged from 1750 HP to 7000 HP.

Working closely with the electric utility and the manufacturer for each of these
installations has led to a systematic approach for each retrofit that will
guarantee the success of the project. '

The following seven steps, if carried out with attention to detail, will assure a
profitable installation, usually with greatly improved operating performance of
the motor, fan or pump, and generating unit.

These seven steps are as follows and are discussed in this Appendix:
o- Preliminary Study for Retrofit Economics
) Detailed Analysis and Budget Preparation
) Budget Approval
o - Design Engineering
o Installation
o Startup
] Post-Startup Tests for ASD Evaluation

1. PRELIMINARY STUDY FOR RETROFIT ECONOMICS

This first step relies on the use of the ASCON II computer program to determine
the fuel cost savings that can be expected by converting power plant pumps or fans
from fixed speed operation to adjustable speed operation. The following
information is needed to set up the program.
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1 Loa t Curv

This is your best projection of gross power output (net power and auxiliary power)
versus hours of operation for a year. ASD retrofit economics are more sensitive
to load duration curve than to fuel cost or ASD cost.

S ate sus load

This information is usually available from the utility. It is an important input
factor because the unit uses more fuel per kwhr of generation at low loads than at
rated conditions.

e a 0w 0 m e S

This 1nformationiis vital for the accuracy of the calculation. It can be
determined roughly from a motor horsepower estimate from motor amperes, if there
is no detailed flow test data.

Fan Curve or Pump Curve with System Resistance

The fan or pump curve is the manufacturers flow v. head and efficiency
characteristic for a given piece of equipment. The system resistance should be
updated information including the effects of any modifications that may have
occurred since original installation. Fan or pump curves should be verified with
the fan or pump manufacturer.

t Balance Diaqra Several lLoads

This diagram is useful for developing input data for pump studies that is not
available otherwise.

omc

To convert energy savings to fuel cost and to determine the present worth of the
cost and of the savings for the remaining 1ife of the plant, the following is
needed:

ez Fuel Cost .

ox: Fuel Escalation Rate

e« Annual Interest Rate
- Annual Fixed Charge Rate
o~- Remaining Life of Plant
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With this input data ASCON II ca]culatés the fuel cost savings for each point of
the load duration curve, it totals the savings and compares the present worth of
the savings to the present worth of the installed cost.

By varying certain inputs it is possible to evaluate changes in capacity factor or
load curve, changes in fuel cost, changes in ASD cost, etc. With this technique
it is possible to bracket the fuel cost savings for best case and worst case
scenarios. )

This first step is important since it determines if there are sound economics in
the retrofit. If the economics are attractive, proceed to the remaining steps.

2. DETAILED ANALYSIS AND BUDGET PREPARATION

The second step lays out the engineering plan for the ASD installation. The
purpose of Step 2 is to develop a realistic cost estimate for the project. This
will be the basis for the budget item that will need to be prepared for management
approval of the project.

Considerations for ;he cost estimate are as follows:

ASD Equipment Rating <

This is a fundamental determination that requires some investigation and study.
The ASCON II calculation provides horsepower and rpm for each MW load point. With
accurate input data for ASCON II, this information can be used to determine the
ASD rating. The ASCON II output should be reviewed with plant operating engineers
to see if their knowledge of the horsepower requirements under different operating
conditions.agrees with the ASCON II calculations. If it doesn’t agree, find out
why.

For greatly oversized pumps and fans it is not necessary to match the ASD rating
to the motor or fan rating. For undersized pumps and fans consideration should be
given to operating the equipment at overspeed to obtain more flow. This may
require an ASD that is rated at a higher horsepower and frequency than the motor.

For pumps.or fans that operate for extended periods at low Toad or which shut down

every night, a small ASD can provide good economics by providing adjustable speed
operation at low load and returning to vane or valve control at high loads.
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Harmonic Analysis

The ASD manufacturer usually is agreeable to performing a harmonic analysis of
your system to determine if a 6-pulse or 12-pulse rectifier is needed. The 12-
pulse rectifier uses an input transformer to provide a 30° phase shift between two
rectifiers. The result is the elimination of the 5th and 7th harmonics in the
currents and voltages supplying the ASD. The elimination of these harmonics is a
decided benefit since they are the most powerfuﬁ harmonics produced by ASDs. The
input transformer also has a benefit of providing electrical isolation of the ASD
from the auxiliary power system which can shield transient switching voitages from
entering the ASD. Transient voltages can effect the control logic of the ASD and
cause spurious shutdowns. The 6-pulse rectifier also generally requires an input
transformer.

It is well established that the isolation transformer and system grounding is
needed to maintain motor 1ine-to-ground voltages at nominal values. ASDs without
the isolation transformer can develop line-to-ground voltages at the motor of
twice rated voltage and motor winding failures have been experienced from this
over-voltage. This phenomenon is discussed in Reference 7.

ASD Enclosure and Cooling Systems

ASDs have derived from dc drives used in steel mills and offshore drill rigs.
Based on the manufacturers experience, these may be air cooled or water cooled
depending on industry preference. The most economic syétem in terms of installed
cost, for a power plant ASD retrofit, will be a water-cooled ASD in a NEMA 12
enclosure. This has no extra enclosure cost or air conditioning capital cost or-
operating cost. This enclosure is not cprrent]y available.

Available systems have a factory fabricated air conditioned enclosure, a factory
fabricated enclosure with water cooled rectifier and inverter, but with air
conditioning needed for the control cubicle. Alternatively is a custom fabricated
enclosure with air handling, air conditioning or water cooling units. The latter
houses are factory prefabricated, modular houses which can be assembled with 4-
foot panels on 'site. '

When available, water cooled thyristors provide the best cooling system for power
plant ASDs. The auxiliary pumps, filters, heat exchangers and deionizers are more
reliable than afr conditioning systems.
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For installations where ASDs can be installed inside the plant in clean switchgear
type rooms, NEMA 1 enclosures can be used with disposable furnace type filters.
This scheme has the simplest cooling system of all, with only fans to cool the
thyristors.

With any of these systems, power plant operators require redundant pumps, fans or
air conditioners. ’

Extent of Electric Power Cable Requirements

If the ASD can be located close to the motor or close to the switchgear, the cable
costs will be minimized. In some cases, this is not practical and the ASD may
have to be located in an area remote from either. The ASD location will have an
effect on cable costs. Cable costs become signifibant for the larger ASDs. The
7000 HP ASD pump installation used 4-500 MCM cables per phase for the 2000 volt
transformer secondary connections.

ASD Locatjon

High horsepower ASDs have significant space requirements as shown in the isometric
diagrams that accompany these test results. It may not always be possible to
Tocate the ASDs near the motor or the switchgearias was the case at IPS. Long
cable runs may not be avoided, but stil1 the installation can provide good
economics.

Cont Syste tegration

The integration of the ASD controls into the existing boiler control system needs
some careful attention for the success of the project but it is not usually a
capital intensive item. Consideration should be given to the adequacy of existing
boiler control range, effect of ASD on turbine run-back systems, boiler implosion
protection, availability of devices to match obsolete boiler control systems, pump
or fan run-out limits and integration of the ASD into the plant computer control
system.

3. BUDGET APPROVAL
This is usually the turning point of the project. Despite quick payback and

excellent 1ife cycle return on investment, the project may not receive approval to’

proceed. The reasons for disapproval may be general or specific. Inadequate cash
flow can lead to rejection of a project proposal. Inability of management to
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understand the concept or a distrust of new "untried" technology (power
electronics) can cause the project to fail. This is a time for careful planning.
Potential approaches include bringing in experts in to address particular issues
that cause concern for management.

It is very important that all in-house questions and concerns be identified. Once
identified, they can be addressed. '

’

Remember the following: ASDs are reliable. They improve motor operation. They
improve operation of the unit. They eliminate valve and vane maintenance costs.
They increase the Tife of transformers and switchgear.

4. ENGINEERING

After budget approval has been secured, engineering of the project follows. This
should follow the design already determined in Step 2, Detailed Analysis.

The engineering should consist of the following items:
e~ Preparation of ASD Specification
e~ Evaluation of bids

0~ Condgct a coast down test to determine mechanical resonances vs
spee

e- Purchase the ASD considering:

--harmonics to system and to motor
--extended warranty
--spare parts
--enclosure ‘
--defined scope of supply
--redundancy of components
-1over10ad capability

e+ Drawing should show:

--ASD location
--cable |

--by-pass provision
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--control sysfem integration

--bills of material

5. INSTALLATION

To obtain the fuel cost savings promptly and achieve the calculated payback, it is
important that the installation pioceed posthaste, on schedule and without delay.
An experienced contractor or A/E firm is invaluable at this step. It should be.
possible to install an ASD in one month or less, depending on the complexity of
the installation. Installation plans should reflect a quick installation. For
example, with a 2-year payback, one year should not be lost because of inadequate
installation planning.

6. STARTUP

Startup is usually prearranged in the purchase price of the ASD. Startup consists
of a detailed, step-by-step check out of all circuits by a factory trained field
service engineer employed by the manufacturer. Typically, he assumes that nothing
has been installed properly nor received in good condition. He checks out
everything with a detailed checklist and determines that phasing is correct,
insulation levels are proper, and factory supplied equipment operates as designed.
Once it is determined that everything has been built properly and installed
properly, he then operates the equipment on a planned, step-by-step basis. With
proper installation and high quality equipment from the factory, startup can take
from one to two weeks.

7. POST-STARTUP TESTING

Post-startup testing consists of operating the .motor in a fixed speed mode to
determine power requirements at several load points approximating the load
duration curve points in the original analysis and again with the ASD in an
adjustable speed mode at the same load points to determine power requirements.
The object of these tests is to verify the power savings with ASD operation.

Special equipment is available to meter power circuits where harmonics are present
(as they normally are with ASDs).

Utilities should measure heat rate vs load with and without the ASD to verify heat
rate improvement.

B-7
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CONCLUSION
With this straightforward strategy, the utility can determine the following:
] Is'the ASD retrofit economic? Is it a good deal for my company?

. What does the ASD installation really cost? What are the economic
benefits?

o How to design the installation intelligently.

o.. How to install the ASD quickly, to speedily obtain the benefits.
. Start up the ASD with a planned program.

0 Verify that the ASD achieved the estimated savings.
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Appendix C
HOW TO CALCULATE THE BENEFITS

BACKGROUND

For clarification and understanding of the calculation of the benefit of using
ASDs the following is presented from Sierra Pacific’s experiences. The purpose of
the boiler feed pump motor ASD retrofit at the gas fired Sierra Pacific Power Co.
Ft. Churchill Plant was two-fold: .

e~ Reduce the minimum load on this spinning reserve unit, replacing the
energy saved with lower cost energy

o - Improve the efficiency of the unit at minimum load.

These goals were accompliished by installing a 2000 HP adjustable speed drive (ASD)
on one of the 2-1750 HP boiler feed pump motors and operating the boiler and

@ turbine at the 700 psi level rather than at the 1800 psi level whenever the unit
is operated at minimum load. Figure 3-4 (Section 3) shows the unit schematically. >,
The ASD replaces a throttling valve, Figure 3-2 (Section 3), for controlling ,
boiler pressure and flow, saving 0.7 MW of auxiliary power, and the unit now is
capable of lower load operation in a more efficient manner at the lower pressure.

Since the unit operates for long periods of time at minimum load, this conversion
to low pressure operation produces considerable fuel cost savings.

This section describes how engineers at Sierra Pacific Power Company determined I
the fuel cost savings after the conversion.

The total annual savings were obtained by determining the following costs:
o~ Cost of operating the unit before the conversion
o - Cost of operating the unit after the conversion

o-- Cost of cheaper replacement energy.
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. CALCULATION OF OPERATING COST

ﬂéat Rate

To determine heat rate (Btu of fuel consumed per kwhr of energy produced), Sierra
Pacific Power Co. engineers evaluated power production records and fuel gas
purchase records for several months prior to the retrofit and found a consistent
pattern. This was typified by a 27 day, 24 hour per day operating run in May,
1984, at an average net generation of 15.8 MW. Power production for this period
was 10,401,512 kwhr with a fuel consumption of 1,552,512 x 105 Btu for a heat rate
of 14,926 Btu/kwhr.

Similarly, after the retrofit, for a 61.5 day operating run through October and
November 1985 at 11.9 MW average net generation, 17,484,500 kwhr of electricity
was produced with 2,129,715 x 105 Btu for a heat rate of 12,180 Btu/kwhr.’

nua erat Co
After determining the heat rate for the two periods, the cost of operating the
plant was determined by knowing the price of the heating content of the fuel, the
hours operated per year and the MW output of the unit: .
Annual cost = (MW net) x (heat rate) x ($ /Btu) x (Operating hours) N,

Thus, the cost of operating the plant before obtaining the benefits of lower
minimum load and Tower heat rate were obtained from

Annual cost old = (01d MW min) x (old heat rate) x (hours/year) ($/Btu)
Tpe cost of operating the plant after conversion is

Annual cost new = (New MW min) x (new heat rate) x (hours/year) x ($/Btu)

Replacement Power

The average cost of rep]acement.power was a Known $22.70/mw-hr. value based on
power production costs and power purchase costs.

The cost of replacement power is

Cost R. P. = (01d M{ min. - New MW min.) x (hours/year) x ($/MWhr) ”

c-2



TJotal Cost Savings

The total annual cost savings are:

Savings total = (Cost old) - (Cost new) + (Cost R. P.)

Savings From Reduced Load

The total savings that resulted from the reduction in minimum load were obtained
from the amount of the MW reduction, times the operating hours, times the cost of
fuel, times the old heat rate. From this was subtracted the cost of replacement
power. Thus,

Savings M.L. = (01d MW min. - new MW min.) x (hours/year) x
($/Btu) x (old heat rate) - Cost R.P.

Savings From Lower Heat Rates

The part of total savings attributable to improved operating efficiency (lower
heat rate) was obtained from

Savings H.R. = (heat rate, old - heat rate, new). x (new M{ min) x
(hours/year) ($/Btu) ) N,

Calculation Exam

The following example is from the Ft. Churchill Field Test:

Before ASD After ASD
Hinimum Load (Gross) 16.0 MW 12.0
Auxiliary Load 1.8 MW 1.1
Minimum Load (Net) 14.2 MW 10.9 |
Average Heat Rate at Min. Load 14,926 12,180
Fuel Cost, $/Therm .39268 .39268
Hours at Minimum Load 7028 | ' 7028
Cost of Replacement Power $22.70/MWh
nnual_Cost Before Retrofit -

Cost old = (o1d MW min) x (old heat rate) x (hours/years) ($/Btu)
= 14,200 x 14,926 x 7028 x $.39268 x 105
= $5,849,279
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Anpual Cgsg After Retrofit

Cost new = (new MW min) x (new heat rate) x (hours/years) ($/Btu)
= 10,900 x 12,180 x 7028 x $.39268 x 105
= $3,663,906

Cost R. P. = (14,200 - 10,900) x 7028 'x $22.7
= $526,467

Total cost new = $3,663,906 + $526,467
= -$4,190,373

Total Cost Savings
= $5,849,279 - $4,190,373 = 1,658,906
Savings_From Lowe “ oad

Savings M.L. = (14,200 - 10,900) (14,926) (7,028) ($.39268 x 10-5)
- - (14,200 - 10,900) (7,028) ($22.7)
=-1,359,339 - 526,467
=-$832,872

Savings from Reduced Heat Rate

Savings H.R. = (14,926 - 12,180) (10,900) (7,028) ($.39268 x 10-5)
=-$826,033

This straightforward method of determining annual fuel cost savings applies to a
spinning reserve type plant which has long operating periods at a fixed load. It
can also be used to determine the savings at several different loads and applied
to an estimated annual load curve to obtain savings for any type of unit
operation. '

U ASCON 0 tomated Calculation

To calculate the benefits Bechtel has used a method based on the methodology of
the ASCON II program logic. The ASCON II program calculates the horsepower
required by the fan or pump with vane or valve control, then it calculates the
horsepower with ASD control. This is done for each MW load on the annual load

C-4

- b



curve. The difference in horsepower is taken and converted to kw input to the
motor on vane or valve control and into the ASD for ASD control. Kilowatt-hour
savings are then determined for each MW load on the annual load curve. Each kwh
is converted to dollars by introducing the heat rate that corresponds to the
particular MW Toad and the fuel cost. With test data available in the form of kw
input to the motor on vane control and kw input to the ASD for ASD control, the
calculation proceeds as with ASCON II utilizing the actual load curve, tested heat
rate and current fuel cost.

An example of this method of determining the benefit is Tisted in Table C-1 based
on test data from the Oklahoma Gas & Electric Seminole Unit 1 ASD test:

In this example the heat rate increments are determined by ASCON ‘II calculation.

The kw savings are taken from the tested kw savings curve of Figure 5-6.
Kilowatt-hour savings and Btu savings are hand calculated.
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DETERMINATIO

Table C-1

N OF FUEL COST SAVING USING
ASCON Il FORMAT

1985 LOAD HEAT KW x 10°KW-HR
MW CURVE HOURS RATE SAVINGS SAVINGS x 10° Btu
25 22 11,688 0 0 0
75 65- 11,688 0 o 0
112 46 11,688 0 0 0
137 838 11,688 150 125 1.5
162 562 . 11,688 600 337 3.9
187 1,838 11,494 1,000 1,838 21.5
- - 212 953 11,138 1,400 1,334 15.6
& 237 1,061 10,868 1,740 1,846 21.5
262 525 10,659 1,800 945 11.0
287 473 10,495 1,240 586 6.8
312 321 10,365 1,200 385 4.5
337 212 10,261 1,130 240 2.8
362 131 10,178 960 126 1.5
387 121 10,112 800 97 1.1
412 91 10,019 571 52 6
437 74 9,988 500 37 4
462 64 9,965 300 19 2
487 96 9,955 0 0 0
9,955
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Specification No.

TECHNICAL SPECIFICATION
FOR
ADJUSTABLE SPEED INDUCTION MOTOR DRIVE SYSTEM

1.0 Scop

A. SELLER’S RESPONSIBILITY

1.

Provide all labor, haterials, and tools, and perform all operations
necessary for the engineering, design, fabrication, inspection,
testing, documentation, delivery to the jobsite, and commissioning of
a 100% solid-state adjustable-speed-drive system (ASD). The ASD
shall consist of HP continuous output rating, V, 12-pulse
input, electronic adjustable-speed drives, and all associated
hardware and software, except as defined in this specification.
Associated hardware for provision by the Seller shall include, but
not be limited to, input power traqsformers, necessary bypass and
isolation switches and disconnecting means, and associated control

* and protection apparatus. The adjustable-speed drive shall be a

fully iptegrated system, compatible with motor, electricity supplied,
and other system interfaces, and capable of providing the specified
pover requirements of the existing HP, v, RPM
induction motor to which it is applied over that motor’s rated speed
and associated load range. The ASD shall be as completely factory
assembled as possible within shipping and handling limitations in
accordance with this specification. The adjustable-speed drive shall
be installed in one weatherproof housing, suitable for outdoor
service and ready for mounting on the Buyer’s concrete pad. The ASD
shall be fully tested at the factory prior to shipment. The outdoor
pad-mounted transformers shall be located outdoors separate from the
drive housing skid base.

Information in conflict with this specification shall be brought to
the attention of the Buyer. Improvements to lower cost or improve
performance or reliability shall be offered as an alternate.
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BUYER’S RESPONSIBILITY

’ 1.

Specification No. ’

Coﬁment 1:
- Adjustable speed drive systems are available in 6-pulse, 12-pulse and

18-pulse arrangements. The specification is based on the 12-pulse
system for the input which requires the use of an input transformer
to provide two secondary windings- with 30° phase shift. The ac
inputs with 30° phase shift are fed to two rectifiers which may be
connected in parallel or in series to the dc 1ink. With this
arrangement most of the 5th and 7th harmonics and multiples are

* removed from the input current to the ASD system.

The input transformer has been found to be necessary for converting
2300 volt and higher voltage motors to adjustable speed to 1imit the
motor line to ground voltage for rectifier and inverter operation.

Comment_2:

The specification is based on ASDs located in a weatherproof, outdoor

control house supplied by the ASD manufacturer. Other types of

housings may be more suitable for specific ASD applications. 0
: ) %

Provide truck shipment by designated truck of the assembled ASD
system and all associated hardware and software to the jobsite.

Provide technical assistance to commission the total integrated
system,

Provide necessary operator and maintenance training.

Provide jobsite unloading, storage, and placement of the ASD.

Provide incoming and outgoing power connections to the ASD including
the interconnecting power connections between the adjustable-speed
drives and the input power transformers.

Provide the assembled ASD foundation and transformer pads and

required bolts. »
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2.0

Specification No.

4. Provide the driven equipment controls interface package.

5. Provide jobsite scheduling coordination required for timely
installation, checkout, start-up, operation and testing of the ASD
system, :

FOREIGN MANUFACTURERS

Any equipment not manufactured in the United States of America, no matter
how insignificant, shall be tabulated by manufacturers. The guotatjon
shall include Instruction Books, Design Ratings and a current phone
number, mailing address and name of the Manufacturers Application
Engineer. Foreign equipment when received and not complying with the
above will be rejected. ‘

Comment 3: .
This paragraph requests information on foreign manufactured devices and
may be omitted.

QUALTTY STANDARDS
GENERAL

1. The Seller shall submit to the Buyer for his approval the applicable
Quality Assurance (QA) and Quality Control (QC) policies and
associated procedures.

2. The Seller shall submit to the Buyer the necessary documentation
throughout the project implementation to assure the performance of
applicable tasks and services stipulated in the submitted QA and QC
manuals which had been approved by the Buyer.

3.. The Seller shall comply with all latest editions of applicable codes
and standards, but not be 1imited to, those referenced in this
specification. Where a standard is referred to and conflicts with a
part of this specification, the Buyer should be consulted in writing
for immediate resolution. ‘ :
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Specification No.

P =
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4. The Seller shall provide the Buyer with certified copies of all test

reports performed in accordance with required tests specified in this

specification.
B. REFERENCED CODES AND STANDARDS
Sponsor Number Subject
ANSI C57.13 1968 Requirements for Instrument Téansformers
ANSI 755.1 1967 Gray Finishes for Industrial Apparatus and Equipment
ANSI MC096.1 1975 Temperature Measurement Thermocouples
IEEE 444 1973 Standard Practice and Requirements for Thyristor
Converters for Motor Drives
IEEE 519 . 1981 Guide for Harmonic Control and Reactive Compensation
of Static Power Converters
ANSI C34.2 1968 Standard Practices and Requirements for
Semiconductor Power Rectifiers
IEEE 59 1962 Standard Semiconductor Rectifier Components
ANSI C57.12 1980 General Requirements for Distribution, Power and
’ Regulating Transformers )
ANSI (€57.16 1971 Requirements, Terminology and Test Code for Current
Limiting Reactors
ANSI C57.18 " Transformers
ANSI C37.30 1971 Requirements for High Voltage Air Switches,
| Insulators and Bus Supports
ANSI (C37.20 1978 Switchgear Assemblies including Metal Enclosed Bus
NEMA CP-1 1976 Shunt Capacitors
NEMA SG-5 1975 . Power Switchgear Assemblies
NEMA ICS 3.1 1978 Safety Standards for Construction and Guide for
Installation and Operation of Adjustable Speed Drive
Systems
NEMA C55.1 1968 Shunt Power Capacitors
D-6
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Specification No.

Comment 4:
Standards are listed for guidance for Buyer and Seller. -Either may wish to

emphasize certain portions of particular standards.

3.0

SERVICE REQUIREMENTS

CONDITIONS OF SERVICE

Frequency converters including filtering equipment and dc 1ink inductors
or capacitors shall be furnished in factory assembled, prewired,
pretested, weatherproof housing including all necessary ventilation,
cooling and heating equipment required for the following environmental
conditions unless otherwise stated in Attachment C.

Site . City, State

Ambient Temperature 35 to 120°F

Altitude Sea Level

Humidity , 100% Relative Humidity
Wind, (Side Wall) 30 psi

Air entrained salt, ppm .003-.01

Solar Radiation, Btu/ft®-hr 360

Dust micrograms/meter® .180

Rain/Wind 4 inches per hour/100 MPH
Seismic Zone 1

Comment 5: }
Service conditions will vary from site to site. Values presented here are

an example.
DESIGN LIFE
The design 1ife of the equipment should not be less than 35 years with

nominal maintenance and repair, to be consistent with the design 1ife of
other utility generation, transmission, and distribution equipment.
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4.0

Specification No. ‘

Comment 6:

Nominal maintenance and repair includes keeping the ASD equipment clean,
keeping cooling equipment in good operation condition and maintaining
switches, transformers and reactors according to recommended practices.

OVERALL SYSTEM REQUIREMENTS .

SELLER RESPONSIBILITY

1. The Seller shall have complete responsibility for all equipment and
accessories included in this specification. The Seller shall perform
the necessary analysis of the operation of the Buyers induction motor
when powered by Seller’s power conversion equipment to assure the
following: :

a. The motor will operate in a stable manner without undue heating,
vibration or noise and with adequate torque margin for the
specified acceleration requirements.

Undue vibration shall be defined as an increase of .001" (peak '
to peak displacement) or more in mechanical vibration on the

motor bearing caps, an increase of .003" (peak to peak

displacement) or more of mechanical vibration on the motor

housing, or any increase in torsional vibration on the motor or

fan shaft as determined by the Buyer’s tests conducted with and

without the ASD in service.

Undue noise shall be defined as any measurable increase in motor
noise as determined by the Buyer’s tests conducted with and
without the ASD in service.

Undue heating shall be defined as additional heating which
causes a stator RTD temperature rise above rated temperature
rise at any motor speed up to rated speed and at any horsepower
output up to rated horsepower output.




B.

Specification No.

b. The ASD shall not cause the motor to operate in excess of its ;
design limits.

c. The ASD shall not introduce sufficient harmonics into the
existing power system or motors to cause misoperation, of or
. damage to, the motors or to other equipment. The motor data and
_ existing system impedance data will be provided by the Buyer.
Current harmonics entering the motor from the ASD shall not
exceed 15% of the fundamental for any individual harmonic.

d. The motor shall satisfactorily operate over the full speed and
load ranges while power is supplied from the new ASD or at
constant speed from the existing V power source without
the ASD compromising motor, related system capabilities,
reliability, Tife expectancy, or impacting adversely existing
operation and maintenance practices.

The total harmonic distortion from the rectifier shall not exceed

3.0 percent voltage distortion or 12.0 percent current distortion ~
with the ASD operating. The maximum deviation of the voltage from a

sine wave at the 13.8 kV bus shall not exceed 33 percent with the ASD

in operation as compared to the voltage with the ASD not in service.

Comment 7:
IEEE Standard 519 suggests 5% voltage distortion as a 1imit for power

electronic equipment connected to busses with other equipment or 8%

voltage distortion for power electronic equipment on a dedicated bus. i
With some preliminary analysis it is often possible to specify a more

conservative value as has been done in this sample.

The Seller shall perform a number of analyses defined in Section 8.0.

SCOPE OF SUPPLY .

l.

The Seller shall supply all the components necessary for the
successful operation of the ASD, whether or not specifically
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d.

f.

g.

Specification No. ‘

jdentified in this specification. Each unit shall be considered as a
package which shall include, but not be limited to, the following:

/

Power and control modules (consisting of a line converter to
change the ac supply to dc and a load inverter to change the dc
to an adjustable frequency ac for controlling motor speed)
needed for a fully-functional system.

Comment 8:
Systems other than dc link type systems are available for

special applications. Cycloconverters are used for high torque,
Tow speed applications. A new series resonant converter is
under development.

Weatherproof house capable of containing all major components
except input and output transformers.

Input isolation power transformers to be outdoor, oil-cooled,
type OA complete with current transformers as required for
transformer protection,

COﬁment 9:
Dry type transformers are preferred for some indoor
applications.

Additional motor protection required by the interposition of the
ASD between existing motor protective relays and the motor, such
as phase unbalance, ground fault protection, etc.

Ancillary equipment including cooling systems.

Controls and instrumentation with provision for local and remote
supervision and control.

Redundant coolant system elements with automatic control shall

be supplied for both internal (drive) and external cooling
(house) cooling loops.
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Comment 10:

Water cooling is preferred for power plant installations and for
large ASD ratings. Open circuit air cooling can be used in
clean, dry environments. Air-conditioning and air handling
systems have been used effectively for ASD cooling.

h. Output current and voltage transformers for efficiency
determination (item C-5).

Comment 11:

If analysis tests are not required, these devices can be
omitted.

c. PERFORMANCE

2.

The induction motors shall start and accelerate their loads as shown
on the load speed-torque curves at reduced frequency and voitage to
limit starting current to ___ percent or more of rated full load
current. The motors shall be capable of accelerating the WK® of the
load per Attachment B and ramping up to 105% of motor rated speed.
Curves demonstrating this capability shall be submitted showing that
the motor torque at the minimum voltage is above the load torque at
all speeds and that the motor safe-heating limits will not be
exceeded during starting under the conditions of specified maximum
starting current. )

Comment 12:
5% overspeed may not be needed. Current 1imit and acceleration rate

are related. Higher acceleration rate requires a higher current
1imit. If acceleration rate is specified, current 1imit should be
Teft to the manufacturer.

Motors and control equipment shall be capable of accelerating the fan

by a minimum rate of 5 percent of operating speed per second in the
operating speed range.

D-11

yare



5.

Specification No.

Comment 13:

5% speed/second acceleration may not be necessary. Often a Tower
rate is adequate. It may be necessary to specify a rate of
deceleration for ID Fans.

The ASD shall be capable of withstanding an automatic fast bus
transfer (low voltage bus time of 5 to 8 cycles) or an automatic
backup bus transfer (low voltage bus time of one-half to one second).
These bus transfers are between the generating unit auxiliary bus and
the reserve bus. The FD Fan speed should retain pretransfer status.
See Attachment E for present transfer scheme.

?

Comment 14:

Bus transfer schemes vary among utilities. This paragraph and
Attachment E should be modified for the specific installation.

The maximum reactive power (KVAR) requirement at all operating load
Tevels shall not exceed the KVAR required at rated HP.

97% or better efficiency of the ASD, ac to ac is required at HP
rating. At 25% load, the efficiency should not fall below 90%.

The seller shall design the proposed ASD systems to offer the
following features:

a. Optimized harmonic generation to reduce total sine wave
distortion to the extent necessary in the Buyer’s power source
and motor power supply, while assuring satisfactory performance
without misoperation of or damage to, interfacing power plant
systems. Harmonic voltages and currents introduced into the ac
network shall not exceed a total harmonic distortion of 3.0
percent voltage or 12.0 percent current.

b. Optimized ASD design to yield minimum sine wave deviation to the

extent possible while assuring satisfactory performance without
misoperation of or damage to, interfacing power plant systems.
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Maximum deviation from sine wave at the ASD input to bus shall
not exceed 33%.

c. Optimized thyristor selection to yield maximum reliability,

minimum losses, maximum voltage withstand and minimum protective

circuits.

d. Optimized number of thyristors and associated electronic
components to yield total system cost effectiveness, maximum
reliability and minimum maintenance.

e. Thyristor selection should be supported by the seller’s analysis

of associated desirable features and corresponding
disadvantages.

Comment 7:
IEEE Standard 519 suggests 5% voltage distortion as a limit for

power electronic equipment connected to busses with other
equipment or 8% voltage distortion for power electronic

equipment on a dedicated bus. With some pfeliminary analysis it

is often possible to specify a more conservative value as has
been done in this sample.

The ASD shall be sufficiently free of radiated and conducted EMI, RFI
and TIF, so as to not result in misoperation of instrumentation and
communications equipment.

The ASD system shall be designed to correct automatically for
internally or externally generated malfunctions which could cause
operation beyond its design capability. Fault current available at
the feeder and interface details is specified in Attachment C.
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5.0 DESIGN REQUIREMENTS - ASD SYSTEM C -

A. POWER CONVERSION AND CONTROL MODULES

2.

The rectifier/inverter equipment shall be a coordinated assembly of
freestanding NEMA Type 1 enclosures in a weather-proof housing with
ancillaries including cooling and.heating system. The equipment
shall be capable of continuous operation at ____ HP, at ___ V.
Operation with output frequency from 0% of 60 HZ to 5% above 60 HZ is
anticipated. With the existing ____ HP motors, drive output will be
Timited to HP (the 1.15 service factor rating of the motors).
The drive equipment shall be capable of +10% voltage operation with
occasional motor starting causing bus voltage dips to 80% voltage.
The normal operating current 1imit of the drive is 100% based on

HP. The control and supervision modules shall be suitable to

interface with Buyer’s multiple unit supervisory and control system.

The input isolation transformers §ha11 be suitable for rectifier
service and shall contain no PCB fluid. Transformer impedance shall
be selected to 1imit initial fault current to a safe value for ASD
system thyristors. 0il-cooled type equipment shall be furnished.

The rectifier/inverter equipment shall be a 12-pulse or greater input
rectifier system and 6 or 12 pulse inverter output system with
provisions to minimize harmonics to the motor.

Commept 15:

The inverter for this specification is based on a 6-pulse system
which can be based on the GTO-PWM concept, either current-source with
output filter or voltage-source, or the modified Toad commutated
inverter which also uses an output filter. Inverters may also be
current-source or voltage-source systems without pulse width
modulation but with 12 pulse or 18 pulse arrangements to reduce
harmonics to the motor.

The ASD, including all power equipment peripherals such as input
transformers, switches, d.c. link inductors and capacitors, etc.
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Specification No.

shall be sized to deliver the HP horsepower requirement
continuously for the total fan load range with a system input voltage
of V £10% with occasional -20% voltage fluctuation.

Thyristors shall have at least a 250 percent peak repetitive.voltage
margin and shall not be paralleled without the proper impedance
separating the two legs. Thyristors shall be fired through puise
transformers through gate power units, both initiated by their single
source fiber optics. Cell stack shall be of modular design and
interchangeable to facilitate replacement. Current transformer
output should be accurate throughout entire speed range. The power
electronics shall be of a fuseless design. A1l bus work shall be
prefabricated and copper.

The electronic components in the ASD shall be protected against
over-temperature as a result of loss of cooling.

‘Thyristors and/or module combination should be protected against

voltage transient disturbances in the reverse and forward directions
as well as against the rate of the associated transient without
regard to voltage transient amplitudes.

The ASD modules shall be of proven design with the specified
reliability. The rectifier and inverter thyristor stacks shall be.so
designed to normally operate at full voltage with N-1 thyristor
operation in each leg of the associated bridges.

The printed circuit boards of the ASD modules shall be so designed
that hardwired connections are minimized and remain intact when the
printed circuit boards are removed.

The ASD shall be protected against, but not be 1imited to, input open
circuit, output open circuit, open phase, loss of ¢ontrol power, loss
of gating power, power supply over- and under-voltage, shorted
thyristors, loss of cooling, electronic ground fault, excessive speed
and overspeed indication, volts/Hz 1imit and high temperature.

D-15
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Specification No.

Converter/inverter speed, firing and current loop control modules
shall be microprocessor controlled.

Comment 16:
ASD control systems are available.in both analog and microprocessor

based systems. Microprocessor based systems are particularly needed
with pulse-width modulation type control algorithms.

The control modules shall be microprocessor based digital control and
shall provide the following control functions:

a. Controlled acceleration or deceleration, separately adjustable
with current 1imit override acceleration protection.

b. Frequency control shall have a steady state accuracy of 0.5
percent.

c. Separately adjustable min/mgx frequency 1imits compatible with
full speed and load ranges shall be provided.

d. Automatic control for over-frequency operation shall be
restricted by the use of a selector switch.

e. Process Follower - To accept 4-20 ma transmitter signal. A-
relay and terminals shall be available for switching to
alternate external source.

f. Low Frequency Start/Stop - Adjustable linear ramp up/down to
required speed

g. Current limit regulator, adjustable

Comment 17:
The adjustable current 1imit may or may not be available. It

can be obtained in digital control systems by reprogramming.
With analog control systems the 1imit may be fixed. The current
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Timit is not 1ikely to be changed once an ASD is installed so
this feature may not be necessary.

Speed regulator

Current and voltage feedback w;th isolation
Drive sequencing logic

Drive protection functions

Local start, stop and speed controls for field test and startup,
not accessible from front of panel.

Coordinated safe stop on protection signal, i.e., breaker trip,
boiler control.

Comment 18:

ASD control systems when inteérated into power plant boilers are
generally arranged to provide safe shutdown with emergency
tripping of the motor breaker or tripping of the boiler or
turbine. '

LED display for semi-conductor and control monitoring

Digital voltmeter, motor

Digital ammeter, motor

Digital horsepower meter, motor

Digital speedmeter, motor.

Optimize the ASD design for either constant or programmed motor
volts/Hz control.

Continuous frequency range from 0-64 Hz,

D-17

ine



13.

Specification No. .

The drive shall be so designed to prohibit swinging from very
Tow speed operation to starting mode of operation.

The drive shall be so designed to include the following control
function regulators:

e.. speed
e+ current
o= flux

e .~ overvoltage

o« load angle

e.+ source minimum angle
ez load phase lock loop
ev. source phase lock loop
ex acceleration rate

o= deceleration rate

e~ current limit i .
The drive shall be so designed to allow manual and/or automatic
transfer to across-the-line operation.

The following signal interfaces shall be provided between the drive
and other equipment:

1 - Analog input channel (4 to 20 ma)

3 - Analog output channels (4 to 20 ma) for speed, amps and
volts

6 - Contact closure inputs

67~ Contact closure outputs

Refer to Attachment F

Comment 19:

The 0-20 ma input controls the operation of the ASD. The 3-

analog outputs provide remote indication of motor amp, speed and

volts. These may be remote meters or they may be fed to a

computer for display on a CRT. Similarly the contact closure .
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outputs are ASD status alarms for remote indication on CRT or
annunciator.

14. The control‘hodules shall provide the following protection functions
which will shut down the drive and be indicated by LEDs.

a. Stator.winding overcurrent
b.  Stator overvoltage

c. Overspeed

d. Open phase or missing gate

e. Commutation failure

f. Loss of cooling air

g. Transformer over temperature

h.  Shorted thyristor leg

i. Loss of logic control power

J. Loss of gate power supply

k Speed command signal failure

1. Overcurrent rectifier and inverter

5‘ m. AC power supply undervoltage N
n.

External trip

External permissive shut dowp
p. Electronic ground fault detector
q. Stator RTD temperature

15. The following signals shall be sent from the drive to the custoher's
control room:

a. Speed indicating signal

b. Alarm signal (close on alarm)
c. Fault signal (close on fault)
d. Motor amperes

16. The following operator devices shall be furnished on or inside the
door of the control cabinet: . -

a. Fault indicating lights

@ b.. Alarm indicating lights
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c. Reset button
d. Drive ready light
e. Horsepower indicator
f. Motor speed indication
g. Motor ammeter
h. Motor voltmeter
j. Stop push button
J. Start push button
k. Manual speed-pot.
1 Local/remote selector

17. The control modules shall include the following diagnostic
capabilities:

a. Continuous on-line full coverage self diagnostics for both
hardware (to the circuit board level or lower) and software.

b. First fault indication and ability to locate subsequent system
faults

c. Abi]ity to recall events that preceded a shutdown of system

d. Ability to monitor major system components with status lights
for replaceable elements.

e. Diaénost1c printer and modem, English language output and
capability to communicate all diagnostic information to
distributed process computer.

B. ISOLATION TRANSFORMERS

1. Input isolation transformers shall be 3-winding type, outdoor,
0i1-filled type OA, self-cooled rated 55 C rise over 50 C ambient,
continuous for ANSI T1 duty class, volt primary volts,

60 hertz double secondary delta and wye ungrounded for use with
12-pulse converter. The input transformers shall not be adversely
affected by harmonics in the ASD input voltage and currents.
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2. Input transformer impedances shall be selected to 1imit initial fault
current to a safe value for converter thyristors. Output transformer
impedances shall be selected for proper and safe motor operation.

3. The following accessories shall be provided with each transformer:

Ground pad

Welded or bolted cover with bolted, gasketed inspection plates
c. Provisions for jacking and 1ifting

Base designed for skidding or rolling in either direction
Transformer shall be separate from drive skid.

Connectors for incoming and outgoing ‘power cables.

c
) .

- © Q

4. High voltage terminal b6x shall be provided with suitable bushings.

5. Two 2-1/2 percent rated kVA high voltage taps above and below rated
voltage with manual tap changer for de-energized operation shall be
provided on the input transformer.

6. Low voltage connection shall be metal enclosed, air filled terminal
compartment.

7. Devices shall be provided to alarm the following conditions:

a. High oil temperature

b. Hot spot winding temperature
c. Pressure re]fef

d. Low 0il level

CAPACITORS
Output filter capacitors shall be designed and sized for removal of

remaining undesirable harmonics. Electrical resonance of the output
filter capacitors and motor within the operating frequency range shall be
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avoided as shall self-excitation of the motor after an ASD trip. The
following guidelines apply to the filter capacitor: '

10.

Capacitors shall be individual single phase one or two bushing units.

Capacitor units shall be housed in steel hermetically sealed tanks
with no PCB fluid.

Bushings shall be glazed wet porcelain.

Capacitor units shall be "all film" design.

'Insulating fluid shall be non-PCB. Each individual capacitor shall

be clearly labeled as containing NO PCB’s.

Y

The rated capacitor voltage shall be greater than the maximum voltage
that thg capacitor will be subjected to during any mode of drive
operation.

The internal corona starting voltage or ionization lTevel shall not be
less than 150 percent of rated voltage at 25 C.

The temperature of the hottest spot inside the capacitor case shall
not exceed 85 C when the capacitors are operated continuously at
110 percent of rated voltage.

Capacitor and reactor filter units shall be an integral part of the
drive assembly with interconnecting bus included. A1l bus work

supplied shall be copper with silverplated connections.

Means shall be provided to disconnect and ground the capacitors.

CONTROL PANELS

1.

A11 panels wiring shall be drive manufacturers insulated switchboard
wire 600 volt, 90 C, single conductor.

D-22



10.

11.

12.

13.

Specificafion No.

Terminal blocks for termination of Buyers control and low power
terminals shall be rated 30 amperes, 600 volts with washer head screw
type connection.

A1l power connections above 30 amperes shall be pressure (crimp) type
connectors with a NEMA pad, including terminations for purchasers
connections.,

Wire connections, other than factory soldered connections, shall be
made with non-insulated straight shank, crimp type, plated,

ring-tongue terminals.

Each terminal block and each point used on terminal block shall be
labeled with tape or stick on labels.

A1l circuit boards shall be accessible for quick and easy replacement
without special tools.

Components shall be accessible through lockable hinged door.

- .(‘/

No electrically-energized components shall be accessible with doors
closed.

Hardware shall be properly designed and/or treated to resist
corrosion typically produced in a seaside environment.:

Power bus shall be conservatively rated and sosdesigned for maximum
current rating and maintenance-free operation.

A1l interconnecting wiring, equipment and terminal board points shall
be properly identified using approved identification marking.

Modular construction shall be used to minimize maintenance and
change-out required during the troubleshooting process.

Panel wiring termination shall be of the ring-tongue type on ali
terminal board connections.
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14. Thermostatically controlled space heaters shall be providedf

15. ATl panels and equipment shall be designed to maximize safety of
* operating and maintenance personnel.

WEATHERPROOF CONTROL ROOM

The two power conversion and control equipments shall be enclosed in a
weatherproof power and control room. Each power and control room shall
have the following features:

1. Weatherproof. enclosure with insulated steel walls.

2. Insulated, sloping steel roof, removable for access.

3.' Control wiéing for external signals to be terminated in a compartment
accessible from the outside of the control room.

4. Base to be of rugged fabricated steel suitable to self-support the
control house and to include raceways for interconnecting power
cables.

5. Floor to be steel plates with rubber mats to prevent slippage and to
provide personnel electrical isolation.

6. Personnel access doors at each end to have anti-panic hardware and to
be of sufficient size to allow removal of largest equipment
components.

7. One copper ground stud suitable for 4/0 stranded copper.
8. Motor control center to supply power to auxiliary equipment and
lights. MCC to have dual feed 480V, 3-phase external supplies from

utility.

9, Adequate fluorescent lighting.
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13.
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Specification No.

Lifting lugs.

énc]osure pressurized to isolate undesirable environment.
8-120V ac receptacies.

Thermal transmittance through ménaI side U=.09, roof U=.05. .
Two 5 kw, 460V thermostatically controlled spnce heaters.

Redundant air conditioning for personnel comfort and for removal of
any equipment generated heat not removed by drive equipment system.

The control room and all equipment shall be designed and arranged to
maximize personal safety of operations and maintenance personnel.

MISCELLANEOUS

.10;

Al11 lighting shall be designed for 120V ac

PAINT

Interior walls and ceiling shall be cleaned and primed in accordance
with the Sellers standard procedure and shall have two coats of a
higher grade white finish paint, each having a nominal thickness of 1
to 1.5 mils..

Outdoor - A1l ferrous metal shall be cleaned and primed per the
Sellers standard procedure and shall be painted ANSI 70 gray. The
paint shall be a minimum of 5 mils thick including the transformers.

TOOLS AND TEST EQUIPMENT

The supplier shall supply a complete list of testing equipment, and
any special tools required to install and maintain the drive system.
Price adders should be included for the supplier to supply any
special tools or special testing equipment required.

D-25
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A.

Specification No.
SHIPPING, HANDLING, AND STORAG

The method of preparation for shipment shall protect converters and all
other parts, auxiliary devices and accessories against corrosion,
dampness, breakage, or vibration injury-that might be encountered in
transportation and handling. The manner of packaging shall be such as to
prevent tampering or pilfering and shall be acceptable to the
transportation companies.

The units sha]i be delivered in the largest subassemblies practical for
transportation.

The Seller shall provide instructions for on site storage and handling to
be performed by the Buyer.

SP ON_AND ]
SHOP TESTS

1. Power rectifier and inverter equipment to be given routine tests in-
accordance with IEEE 444.

2. Certified copies of all test reports shall be submitted.

3. Buyer reserves the right to witness final shop tests and shall be
notified a minimum of 14 days prior to such tests.

FIELD TESTS

1. Seller shall demonstrate trouble free, stable operation for
conditions of starting, stopping, full load, three quarter load, half
load, quarter load, no load and intermediate loads.

2. Tests shall include 100 hours of operation at full load to
demonstrate adequacy of equipment for thermal and voltage stresses.

3. Tests shall demonstrate 60 days of trouble free operation.
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8.0 NALYSIS

The Seller shall provide all necessary studies that support the satisfactory
operation, while maintaining existing system reliability, of this project.
These studies are not limited to: (1) Harmonic analysis of currents and
.voltages distorted by the ASD in the Buyer’s electric system over the full ASD
speed and load ranges; (2) Harmonic analysis of currents and voltages to the
motors over the full speed and load ranges; (3) Torsional analysis of

and motor machinery; (4) Motor and performance and
capabilities over the full speed and load ranges; (5) Failure mode and effect
analysis of the supplied drive system to support any reliability analysis the
Seller may choose to perform.

Comment 20:
Torsional analysis is more critical for high inertia fans than for low inertia

pumps.
1. Torsional Analysis ~

The Seller shall perform a torsional analysis (computer simulated with
written documentation of results) on the entire rotating drive system and
load. The analysis shall determine the magnitude and frequencies of
mechanical oscillations resulting from the electrical harmonic exciting
frequencies produced at all operating speeds from 0 percent to 110 percent
and all operating modes; i.e., start-up, normal operation as well as fault
conditions. From the results of the torsional analysis, the necessary
coupling equipment, if any, shall be specified.

2. Harmonic Analysis

The Seller shall perform a harmonic analysis to ensure the electrical
system is not adversely affected and shall include inverter contributions.
The analysis shall be performed for 12-pulse input operation. If the
harmonic voltage distortion factor or the voltage deviation factor exceeds
the specified value, the Seller shall supply and install the equipment to
reduce distortion or deviation to within the above specified 1imits at no
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cost to the Buyer. The Buyer reserves the right to terminate the purchase
order, without any cost or obligation incurred by the Buyer, and the
Seller will refund to the Buyer any payments made under Section 14.0 prior
to such termination, if by test (a) the total harmonic distortion factor
exceeds 5 percent voltage, 15% current or (b) if the voltage deviation
factor exceeds 35%.

Motor Analysis.

The Seller shall perform an analysis of the {specify manufacturer
'HP Motors operating with the proposed adjustable speed
drive. The analysis shall investigate the following:

a. Stator winding, stator core, rotor winding and rotor core additional
temperature rise from inverter-produced harmonics.

b. Motor efficiency at 100%, 75%, 50% and 25% speed with fan load.

c. Additional motor noise at 100%, 75%, 50%, and 25% speed with fan
Toad.

d. Capability of motor stator winding insulation system to withstand
harmonic voltage.

e. Bearing heating over operating speed range.
f. Internal fan cooling over operating speed range.
g. Effect of pulsating torques and associated values, if any.

h. Effect of reverse operation during generation mode at motor terminals
with the use of capacitors at such terminals.

i. Effect of rapid voltage transient at motor terminals.
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4, A1l studies and analysis performed by the Seller shall be given to the
Buyer in written reports and in oral presentations for the Buyer’s
approval.

9.0 WARRANTY AND AVAILABILITY GUARANTEE

If any defect in apparatus supplied, or failure to comply with this
specification shall appear within the period of three (3) years from the date of
final acceptance, not to exceed 39 months from delivery, the Seller shall be
jmmediately notified, and he, shall correct without delay, and at his own
expense, the defect or defects or failure of compliance, by repairing the
defective parts or parts, by supplying a nondefective replacement or
replacements, or by correcting a defective or deficient design.

In addition, the Seller shall guarantee 99% availability of the ASD for 12
consecutive months from the date of final acceptance. The penalty for not
achieving this availability record is $1,000.00 per hour up to a maximum of
$100,000.00 for any downtime above 1% that is attributed to faulty operation of
the ASD or to misoperation of, or damage to, the forced-draft fan motors or
other plant equipment or systems caused by the ASD.

Comment 21:
Warranty and availability guarantees vary with market conditions and are subject

to negotiatiqn.

10.0 CHANGES

The Buyer may, by written Change Order, make any changes, including additions or
omissions in quantities ordered, or in the specifications or drawings. If any
such change affects the amount due, an equitable adjustment shall be made.

11.0  WAIVER
A1l modifications or revisions shall be in writing and in no way shall any

purported oral modifications or revisions of the purchase order by Buyer operate
as a waiver of any of the terms of this specification.
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Delivery of the equipment is required by (specify date) . Failure

12.0  DELIVERY

to meet this delivery date shall result in the Seller paying to the Buyer
Tiquidated damages of $1000.00 per day for each day past (specify date)

.

Comment 22:
Liquidated damages vary with company purchasing policy.

13.0 FINAL ACC NC

Final acceptance of the work supplied under this specification shall be rendered
when the following conditions have been met:

1. Delivery requirements as specified have been accomplished.
2. Drawings submittals and Instruction Bo‘ok requirements as specified. ‘

3. Sufficient tests and inspections have been made by the Buyer to determine ’ .
that the work meets all the requirements of the specification, including
analyses under Section 8.0, and field tests under Section 7.0, and any
written agreements between the Buyer and the Seller.

14.0  PAYMENT

Ninety percent of the total price shall become due and payable 30 days after
delivery. The remaining ten percent shall become due upon final acceptance of
the total system as previously defined.

1

15.0  EXCEPTIONS

Exceptions to this specification shall be itemized and described in detail in
writing. Cost differentia] between specified and excepted shall be stated if

applicable.
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CORRESPONDENCE

A11 questions that the bidder/supplier may have regarding the proposal and all

drawings associated with the project as previously outlined shall be directed as

follows:

A.

17.0

Correspondence Procedure (except drawing transmittal letters) After
Issuance of Purchase Order

1.

Al11 correspondence (except drawing transmittal letters) relative to

this Order shall be distributed as shown in the purchase order and
bear the indicated Purchase Order Number. Correspondence shall be
addressed as shown in the purchase order.

GIN NG_DOCUMENTS

The following preliminary data shall be supplied with the quotation:

a.

Outline drawings of the skid base mounted equipment, electric
schematic diagrams, including details of AC power input, output to
motor, power processing, filtering and interfaces with the system,
the motor, plant communication and instrumentation, foundation
details; cooling, heating and ventilation system; electric power
requirements for auxiliary equipment and calculated losses for the
drive and motor at 100%, 75%, 50% and 25% speed.

Package size for éhipment and installation.

Typical waveforms for operating range of Input and Output voltages,
currents and motor speeds including harmonic spectra related to
percentage of fundamental.

General maintenance requirements and schedule.

Design specification and descriptive literature for all major
componentslof the drive system and ancillary systems.
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_ Speed-time curve for the motor accelerating the specified load with

the starting current 1imited to 150 percent of rated current and
ramping to full speed.

A recommended spare parts 1list to .obtain the expected life of the
equipment with current prices and delivery times.

The Seller shall return to the Buyer certified data sheets in
Attachment A and Attachment D, incorporating the required
1nf9rmation.

The following information for iso]atidn transformers:

1. Height.

2. Outline dimensions and mounting details.
3. No load watt loss.

4. Watt loss at rated load.

5. Impedance.

6. Sound pressure level (dBA at rated Toad).
7." kVA rating.

8:- Primary voltage.

9. Secondary voltage.

10. Insulation BIL.

‘11, Surge protection provided.

The following information for filter capacitors:

1. KVAR rating.

2. Voltage rating.

3. BIL rating. :

4. Dielectric voltage stress at 110 percent rated voltage.

5. Corona starting voitage at 25 C.

6. Internal hot-spot temperature at 110 percent rated voltage.
7. Insulation dielectric system.

8. Maximum and average watts losses at 25 C.
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The Seller shall provide detailed information on the operation of the
control. Information should be provided on how easily the control
can be tailored to specific applications, and on the diagnostic
capabilities of the control.

The Seller shall provide detailed information on the drive capability
during various failure and maintenance conditions.

The Seller shall submit reports on analysis of Section 8.0.

The Seller shall submit guarantees as required in Section 9.0

Approval Drawings - Two copies each of outline, control schematics and
wiring diagrams prior to fabrication of equipment.

Final Documentation

d.

Final Drawings - The Seller shall furnish one full size black on
white reproducible such as an autobositive or Xerox 1860 vellum, made N
from the original tracing unfolded and two good quality full size,
blue Tine prints made from the reproducible folded to 8-1/2 x 11 inch
size of each design drawing. Drawing shall be of sufficiently high
quality drafting and reproduction to permit microfilming. Internal
wiring diagrams shall be laid out such that terminal blocks for
Purchasers external connections have sufficient room, a minimum of
one and one half inch, for showing cables for external connections.
In addition to the above specific design drawings,'the Seller shall
supply 20 complete sets of their standard drawings showing control
schematics, transistor schematics, wiring, outline dimensions,
mounting details and equipmént weight.

Instruction Books and Spare Parts List - Seller shall furnish to
Purchaser as soon as possible 20 copies of all Instruction Books,

Spare Parts List and any special bulletins covering on site storage.

Test Reports - Seller shall furnish to Purchaser 20 copies each of
all standard test reports as required by Referenced Documents.
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Comment 23:

Drawing test reports, instruction book and spare parts list
requirements vary greatly among utilities and this section should be
revised as required. "

R c S, AVAILABILITY O OGRAMMING

Seller shall identify the electronic components, programmable chips and
batteries that are time degradable. Approximate 1ife span of these devices
shall be disclosed in maintenance procedures.

Seller shall give 60 days prior written notice of intent not to accept further
orders for replacement parts. Upon written request thereafter by Buyer, Seller
shall deliver to Buyer detail drawings, specifications and other inforyation
necessary to have these parts manufactured elsewhere by others to allow the
Buyer to keep the ASDs in operation.

19.0

20.0

1.

21.0

TRAINING

The Seller shall provide operator and maintenance training and start-up
services. The cost of additional training and start-up services shall
also be quoted.

0 F_TECHNIC RM

The "Form of Technical Information," Attachment D, shall be completed and
returned with the Sellers proposal.

C CTS AND A S
Conflicting information shall be brought to the attention of the Buyer.

Improvements to lower cost or improve performance shall be offered as an
alternate.

"

D-34




L T

NOTE:

. Specification No.

ATTACHMENT A

ADJUSTABLE SPEED INDUCTION MOTOR DRIVE SYSTEM DATA SHEET

SELLER TO COMPLETE DATA AND NOTE EXCEPTIONS.

ADJUSTABLE SPEED DRIVE MANUFACTURER/MODEL NO.:

SERVICE CONDITIONS:

(a)
(b)
(c)
(d)
(e)
(f)
(9)
(h)
(i)
(3)

Location:

Elevation above sea level:

Ambient temperature range:

Relative humidity:

‘F to °F

Wind loading

Duty:

Load WK2:

Dust, micrograms/meter>:

Rain/wind:

Other:

RATINGS AND FEATURES OF ASD:

(a)
(c)
(e)
(9)
(h)

(1)

(J)

Horsepower/kVA:

Torque:

(b) Rpm:

(d) Service factor:

Speed range:

(f) Maximum kVA/KVAR input:

Full Toad input/output current:

Type of ‘surge protection equipment furnished:

Space heaters: Volts

Rated Operated

Watts

Type/quantity/rating of current transformers furnished:
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(k) Type/quant}ty/rating of potential transformers furnished:

(1) Type terminations furnished for power cable:

(m) Total weight: __(1) house and skid 1b
{2) transformers 1b eac

~-a

(n) Paiﬁting and fiqishing:

(o) Metering equipment provided:

Are fuses used in the power circuits? If'so, please identify which circuits.

Is the rectifier/inverter capable of full operation with one thyristor cell
failure? Is this condition annunciated? Please give a brief description.

Provide brief description of diagnostic system furnished.

Provide description of cooling system furnished.

Describe what is being proposed to counteracf salt-air corrosion of ASD
components.

Describe possible extent of resonance of output filter with motor.
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10. Describe possible self-excitation of motor with output filter after ASD trip.
11. LOSSES AND EFFICIENCY
Complete the following air-cooled, water-cooled, 6- and 12-pulse offerings.
Operat%ng Gross Motor Motor Motor Input Coo]%ng Effi-
Hours MW__ Speed. % _RPM _HP__ XFMR ASD System Jotal ciency %
0 825 101 900 -7424 ___ __ __ — —_—
0 785 96 857 6408 ___  ___  __ — —_—
279 735 90 802 5246 ___ . —_— —
S 274 658 80 718 3778 __ ___ @ __ S —
A 291 582 71 634 2617 __ __ ___ — —_—
M 872 505 62 551 17%9 ___. ___ __ —_— —
P 909 429 53 469 1136 __ __ __ — —
L 946 353 43 386 697 __ ___ —_ —_—
E 348 278 35 308 407 . o — S
436 198 26 229 203 . __ —_— —
1133 121 26 228 200 ___ __ __ —_— —_
1939 60 25 228 20 ___ __ — —_—
12. SEMICONDUCTOR APPLICATION DATA

Specification No.

()

(b)

(c)

Power semiconductor rating

(1) Amperes continuous

(2) Peak reverse voltage

Power semiconductor applications, full bridge
(1) Amperes at ASD rating

(2) Peak reverse voltage, 4.0 kV applied
Power semiconductor application (N+1)

(1) Ampere at ASD rating .

(2) Peak réverse voltage, 4.0 kV applied

(d) Number of power semiconductors in series
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13. HARMONICS

Input Input
THD THD
% Speed Yoltage Current
100 - —
75 —_—
50 - —_—
25 .

D-38
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THD
Current
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ATTACHMENT B

INDUCTION MOTOR DATA SHEET
ITEM 1

SERVICE CONDITIONS:

(a)
(b)
(c)
(d)
(e)
(f)
(9)

Location:

Elevation above sea level:

Ambient temperature range:

Relative humidity:

Area classification:

Duty:
Load WK3:

RATINGS AND FEATURES:

(a)
(b)
(d)
(f)
()
(h)
(1)
(3)
(k)
(1)
(m)

(n)

(0)

Type motor:

Horsepower: (c) Voltage: Nominal N
Phase: (e) Frequency: :
Service factor: s/N Model

Full load speed:

Insulation class:

Temperature rise (by RTD):

Full load current: Locked rotor current: j

Full load torque: Running light current:

Starting torque:

Efficiency: 100% load
75% load
50% load

Power factor: 100% load : . -
75% load
50% load

Enclosure type:

" D-39
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(p)
(q)
(r)

(s)

Rotation (when viewed from end opposite coupling):

Bearing type:

Specification No.

cw/cew

Type lubricating system furnished:

Space heaters: Volts

Watts
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Specification No.

ATTACHMENT C

SUPPLEMENTAL DATA
ADJUSTABLE SPEED INDUCTION MOTOR DRIVE SYSTEM

1.  SERVICE CONDITIONS

A. Equipment required for outdoor service shall be subject to the
environmental conditions in section 3.A.

B. Input Power

Voltage: ___ 3-phase, rated voltage + 10%

Frequency:

Short circuit capacity: Normal —_MVA for _______ KV level
Worst case MVA for . kV level

2. RATING
Service Rated Max Rated
Item No Equipment Horsepower RPH Yoltage Oty
1 Adjustabie Speed Drive

D-41
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Specification No. ‘

ATTACHMENT D

FORM OF TECHNICAL INFORMATION FOR
ADJUSTABLE SPEED INDUCTION MOTOR DRIVE SYSTEM
PART I - PRICE AND SHIPPING INFORMATION

Seller

1. PRICE - ,
FOB Destination
A. Total cost, FOB jobsite eight owed

(1) Water-cooled 12-pulse rectifier with
6-pulse inverter

(2) Air-cooled 12-pulse rectifier with
6-pulse inverter

(3) Water-cooled 12-pulse rectifier with
12-pulse inverter

(4) , Air-cooled 12-pulse rectifier with
12-pulse inverter

(5) Option for redundant microprocessor
controls with bumpless transfer

(6) Harmonic analysis

(7) Torsional analysis

(8) Factory training course

(9) One-week on-site training course

B. Freight charges included in the price

C. Unit cost for recommended spare parts
2.  ALTERNATIVE PRICE
Total Cost (the Bidder may quote changes
in price for other suggested alternative.
Identify deviations in detail).
3.  TERMS OF PAYMENT

Page of the proposal where the terms of payment
are defined ‘
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Specification No.

ESCALATION

A. Maximum escalation

B. Page of the proposal where the method of
determining escalation is described

COST OF SERVICES OF FIELD ERECTION ENGINEER
(SERVICE REPRESENTATIVE)

A. Services for (*) days, including food, lodging,
transportation to and from temporary domicile to
Jobsite, and other expenses. The normal work
week will be (*) hours or (*) days per week.

(1) Lump sum

(2) Per diem for each additional day

(3) Transportation
SHIPMENT

A. Shipping point
B. Shipping weight, 1b

C. Shipping method \
EXCEPTIONS TO SPECIFICATION ‘
A. Does the proposal comply with the specifications?

B. If the Bidder takes exception to the specification, indicate the page of
the proposal where the exceptions are described.

PROPOSED SCHEDULE

Receipt of purchase order

Odt1ine drawings, preliminary
interconnection drawings

Return of drawings

Torsional analysis complete

Elementary, wiring diagram and
revised outline drawings
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PROPOSED SCHEDULE (CONT)
Engineering complete
Factory test |
Shipment

Specification No.

Company

Signature

Title

Reference Number

Date -of Bid

D-44




Specification No.

FORM OF PROPOSAL
PART II - ENGINEERING INFORMATION

-Bidder

1.  SUBMITTALS
A. Dimensional drawing numbers

(1) Preliminary outline drawing number

(2) Preliminary circuit diagram number

B. Time in weeks after award of purchase order
to furnish preliminary outline drawings

C. Completed Adjustable Speed Induction
Motor Drive Data Sheets

2.  SHIPPING AND STORAGE

A. Shipping weight, 1b (__) control house
() skid
() -

B. Operating weight, 1b control house
jncluding skid
transformers

C. Maximum dimensions, length x width x height

3.  STATEMENT OF WARRANTY

D-45
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Specification No..

ATTACHMENT E

DESCRIPTION OF BUS TRANSFER SCHEDULE
(SAMPLE)

Under normal operating conditions, the generating unit auxiliary power system is
supplied from the generator terminals through the double secondary winding of the
unit auxiliary transformer at voltages of 13,800 and 4,160 volts. The 13,800 voit
bus supplies the power for both forced draft fans (FDFs) and both boiler feed
booster pumps (BFBPs). The reserve 13,800- and 4,160-volt buses are suppiied from
the double secondary windings of a reserve auxiliary transformer whose primary is
connected to a separaté 66 kV source. Normally, open reserve bus tie breakers
connect 13,800- and 4,160-volt reserve buses to the unit 1 and 2 buses.

Failure of the unit 13,800-volt bus would drop both FDFs and BFBPs. The failure
of FDFs trips the boiler, while failure of both BFBPs runs the unit load back to
50 percent. On any unit shutdown or unit trip, the auxiliary power to the unit
13,800- and 4,160-volt buses will be restored from the reserve 13,800- and 4,160-
volt buses immediately, either for orderly shutdown of the unit or to facilitate a
hot restart as required. This fast bus transfer is accomplished by auto-closing
of the reserve bus tie breakers in 5-8 cycles under supervision of a synchrocheck
relay. If the fast bus transfer is blocked by excessive.phase angle difference,
the residual bus under-voltage relay will initiate a back-up bus transfer scheme
when the unit bus voltage decays down from 50 to 30 percent (1/2 to 1 second or
more).

If the backup transfer scheme fails to operate, the manual transfer between
reserve and unit dead bus will be initiated by the operator.
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Specification No.

ATTACHMENT F

COMPUTER CONTROL INTERFACE DESCRIPTION
(SAMPLE)

The ASD microprocessor-based control will receive an analog signal, 4-20 ma, for
air flow demand which correlates to fan speed and, in turn, to motor speed. the
control signal can be either hard-wired or properly accessed through the WDPF
control system recently installed at Ormond Beach.

Other noncontrol signals are required to provide the control room operator with
the necessary information relative to ASD performance, status, alarms and other
related signals. These signals must properly access the WDPF control system.

It is suggested that all control and/or miscellaneous control signals be provided
to the WDPF system via I/0 modules which are compatible with an existing nearby
control drop. The Seller should determine if this method is possible. Otherwise,
the Seller should recommend an alternate to achieve this interface. The Seller
shall also provide the Buyer with all the documentation required to operate,
maintain or change any of his developed interface hardware and software.
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Appendix E
FAN NOISE REDUCTION WITH ADJUSTABLE SPEED DRIVES

INTRODUCTION

For fossil power plants, the sources of noise perceived by the surrounding
communities primarily come from the draft fans. It is therefore appropriate to
examine whatever effect adjustable speed drives may have on the sound emitted by
such devices. )

CHARACTERISTICS OF FAN NOISE

Typically, the sound produced by a fan consists of a tonal (or pitched) component
superimposed on a broad-band (or unpitched) noise component. Figure E-1 exhibits
the spectrum of a typical centrifugal fan in which the tonal components are
clearly identifiable. The pitch of the tonal component or the fan tone is
determined by the rotative speed of the fan shaft multiplied by the number of fan
blades (i.e., the blade passing frequency). The dashed curve is for inlet vanes
partially closed. This condition increases the sound at the blade passing
frequency. The fan tone attests to periodic fluctuations of the pressure field
created by the rotating fan blades. The broad-band noise reflects the random
shedding and diffusion of vortices in the flow field. According to our
experience, the tonal content of the fan noise is usually far more obtrusive in a
community, since the broad-band content tends to blend in better with other
sources of noise that are typically present in a community.

The noise from a fan is not constant but is affected by the manner in which it is
operated. Figure E-2 displays the curves commonly used to describe the operating
characteristics (namely total head, horsepower, and efficiency vs flow rate) of a
centrifugal fan at essentially constant speed. These curves result from
regulating the flow through the fan with a throttling device. In the upper
portion of this figure appears the less familiar curve which shows how the_ total
sound power output of the fan is affected by this method of flow regulation.

The plot shows that the fan is the quietest when operated at the point of peak
efficiency. The emitted noise is substantially higher when it is operated at a

E-1
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flow rate that is much less than that at peak efficiency. A similar behavior in
terms of noise emission is exhibited by axial-flow fans, as shown in Figure E-3.

EFFECT OF CHANGING ROTATIONAL SPEED

The behavior of the fan is quite different if flow control is accomplished by
varying its rotational speed while maintaining the system configuration constant.
In this case, the performance of the fan, including its acoustics, follows simple
scaling laws. For example, Figure E-4 depicts the pressure head and horsepower
curves at three different speeds. The total sound power (expressed in decibels)
emitted by the fan at one speed can be related to that at another speed by the
formula shown in Figure E-5.

This formula illustrates the significant fact that the noise emitted by a fan can
be expected to drop sharply with decreasing speed.

PERCEIVED NOISE FROM FANS

The perceived loudness of a fan would in reality go down faster than the rate
predicted by the formula in Figure E-6. This is because of the fact that the
sensitivity of human ear also drops with frequency from the peak sensitivity
reached at about 2500 hz. The ANSI A-weighting function, which is based on
empirical data, illustrates this fact. The use of the A-weighting function in
rating community noise is a well established practice (Ref. 2).

The formula given in Figure E-7 has been used by the U.S. Environmental Protection
Agency for evaluating the impact of noise on communities. In this formula, the
daytime (7 am to 10 pm) level Ly is averaged with the nighttime (10 pm to 7 am)
level to obtain a sing]e_composite number, Ly,. Notice that in this formula 10
decibels are added to the actual nighttime level L, to account for the greater
sensitivity to noise during that time span.

EXAMPLE

Figure E-8 illustrates the benefit that could result through the use of an ASD.

In Case 1, we consider a fan that has a blade passing frequency of 150 hz and that
produces a noise level of 60 decibels (A-weighted) at the plant boundary. For
constant speed operation, the value of the Ly, would amount to 66 decibels. This
assumes that the fan was not throttled back during periods of low power demand.
If that were done the Ly, value would have been higher.
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Figure E-7
FORMULA FOR CALCULATING COMPOSITE NOISE LEVEL
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EXAMPLE

CASE 1.
Lg =60dB
Lh =60dB
Ldn= 66 dB
CASE 2:
Lq =60dB
Lh =60-6-3=dB
Ldn= 60 dB

Figure E-8
A SAMPLE CALCULATION
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In Case 2, it is assumed that the fan operates at 3/4 speed during the nighttime
hours. The L, value then, in theory, would be reduced by 9 decibels with six
decibels coming from the reduced sound power output and 3 decibels coming from
reduced sensitivity according to the A-weighting function. The new Ly, value is
thus only 60 decibels which is 6 decibels lower than in Case 1.

Figure E-9 can be used to help assess the effect of this reduction in noise on the
surrounding community. This plot is derived from the case studies of reaction of
communities to noise. The abscissa represents the noise level with each interval
representing 5 decibels. No numerical values are attached to the noise levels as
these values would depend on the socio-economic factors of the community. Let’s
assume that Case 1 leads to a rating of E which implies "wide-spread complaints".
Then a 6 dB reduction may very well be sufficient to placate a majority of the
residents.

Presented at ASD Forum
San Diego, December 1986
T. Y. Yen, Bechtel

REFERENCES
1. R. Jorsensen, Fan Engineering, Buffalo Forge Co., New York, NY, 1970. 4

2. Bolt Beranck and Newman, Inc., Electric Power Plant Environmental Noise Guide,
Edison Electric Institute, New York, NY, 1978.
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ATTACHMENT 3

Discussion of the ASD output filter capacitor failure modes, failure probabilities, and the
associated effects.



ASD OUTPUT FILTER CAPACITORS

The filter capacitors connected to the ASD output circuit are designed to reduce the ASD
harmonics that are transmitted to the RRC pump motor. Nine oil filled capacitors are connected
in parallel for each of the three phases of each channel, resulting in 27 filter capacitors per
channel. Since each ASD has two channels, there are a total of 54 filter capacitors per ASD.
The filter capacitor assemblies are identified as "Filter" in Figure 2A of the Reference 3
submittal.

Capacitors are very reliable components. The attached excerpt from EPRI report TR-101140,
"Adjustable Speed Drives," calculates the mean time between failure (MTBF) for capacitor
circuits to be 625,000 hours. GE supplied the capacitors for the ASDs installed at WNP-2 and,
in the attached excerpt, they report an average failure rate of 0.03% per year. Given that one
capacitor would cause a circuit failure, the EPRI MTBF translates to one capacitor circuit failure -
every 71 years. The GE average failure rate, given 54 capacitors, translates to one capacitor
circuit failure every 61 years.

Capacitors usually fail such that a short circuit occurs between the input and output terminals.
For example, shorting a capacitor due to a loss of dielectric will ground that phase and cause
a protective ASD trip and actuate the associated control room alarm. Capacitors rarely fail such
that an open circuit occurs. An open circuit condition can only be caused by failure of the
capacitor leads due to an installation error or by vibration during operation. Any capacitor
installation errors would have been discovered and corrected during the ASD functional testing
conducted in June 1995. No capacitor installation errors were found during the testing.
Capacitor lead failures due to vibration are unlikely since the ASD itself does not cause
significant vibration and the ASD is not attached to a structure that is subject to significant
vibration.

Failing a capacitor such that an open circuit is created will reduce the capacitance of the circuit.
The reduction in capacitance changes the RRC pump motor inductance (L) - capacitance (C)
filter circuit resonant frequency and increases the harmonics that are transmitted to the motor.
Increasing the motor harmonics will lead to additional harmonics related heating of the RRC
pump motor and may increase the motor air-gap torque pulsations. RRC pump motor winding
temperatures are monitored, recorded, and alarmed in the control room. Thus, control room
indication is available to detect abnormal motor heating caused by an ASD capacitor circuit
failure. Motor vibration equipment would indicate if harmful vibration is being produced by
motor air-gap torque pulsations. A discussion of the vibration monitoring equipment and
associated control room alarms is contained in Appendix B, pages 6 and 7, of the Reference 3
submittal.
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278 Chapter 12

The two competing ASD technologies that were available on the
market were studied in the field tests. They are the current-source,
GTO-PWM inverter and the modified LCL. Another GTO-based tech-
nology has been introduced since the field tests were conducted. This
is the voltage-source, star-modulated, PWM ASD.

The question is often asked about mean time between failures
(MTBF) for ASDs and ASD components. A recently published!?2
report by one manufacturer has proposed that the MTBF hours for
components and for ASDs are as shown in Table 12-1. This approach
to defining ASD reliability is challenged by another manufacturer,
indicating that an analysis of ASD operating experience shows that
the MTBF for medium-voltage ASDs may be as long as 40 years.

Table 12-1

MTBF hours calculated from ASDs and components

Component MTBF Hours

Thyristor 33x 108

GTO 1.7 x 108

Digital Controi 100,000 to 200,000 N
Water Cooling System 1.0x 10° . '
Capacitoi' Circuits 625,000

Circuit Breakers 1.4% 108

Input Transformer 1.8x 108

Air Core Reactor 100 x 108

CTs and PTs 25x108

ASD 46000

ASD With (N + 1) 48,000

ASD With Redundant Controls 103,000

ASD With Dual Channel 120,000

ASD With Common Spare 137.000
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’ @ ' ATTACHMENT 4

Discussion of the Supply System’s evaluation of harmonics related heating of the nonsafety-
related motor loads downstream of the SH-5 and SH-6 buses (includes an excerpt from
NEMA MG-1-1987).




" MOTOR DERATING

NEMA Standard MG-1-1987, Part 17A (see attached), addresses motor application
considerations for constant speed motors used on a sinusoidal bus with harmonic content. This
application standard applies to NEMA Designs A and B squirrel-cage induction motors rated 600
V or less with horsepower ratings less than 500 horsepower. The standard assigns a derating
factor for induction motors based on the calculated Harmonic Voltage Factor (HVF) and the use
- of Figure 17A-1 (attached) in the standard. The HVF is defined as follows:

Where: n = order of odd harmonic, not including those divisible by 3, and
V, = the per unit magnitude of the voltage at the nth harmonic frequency.

To reduce the possibility of damage to motors, the standard states that the rated horsepower of
the motor should be multiplied by the factor shown in Figure 17A-1.

A HVF of 0.02779 was calculated for the 6.9 KV SH-5 and SH-6 buses for 100 percent drive
speed in the startup mode of operation. The derating factor from Figure 17A-1 corresponding
to this HVF is 1.0, which indicates that the rated horsepower of the motor loads is the nameplate
rating (no derating required). The HVF calculated for the SH-5 and SH-6 buses is considered
worst case since these buses are closest to the ASD harmonics source. The HVF for the
nonsafety-related motor loads downstream of the SH-5 and SH-6 buses (e.g., 480 V cooling
tower fan motors) would be lower due to the increased separation from the harmonics source.
As previously discussed, the harmonics on the safety-related buses in the startup and generation
modes of operation are very low. Thus, the HVF is negligible for the safety-related motors and
no derating is necessary.

Attachment 4
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NOVEMBER 1989
MG 1-1987
PART 17A, PAGE 2

APPLICATION CONSIDERATIONS
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. Figure 17A-1 )
PROPQSED DERATING CURVE FOR HARMONIC VOLTAGES

that such bus-connected capacitor banks be sized so that
proper bus voltage limits are maintained. (See MGl-
14.43) -

: Authorized Engineering Information 11-16-1989.

MG1-17A.04 APPLICATION CONSIDERATIONS
FOR MOTORS USED WITH
VARIABLE-VOLTAGE AND
VARIABLE-FREQUENCY
CONTROLS

17A.04.1 Torque

17A.04.1.1 OPERATION BELOW BASE SPEED

The torque produced by an ac motor is approximately
proportional to the ratio of the input (fundamental) voitage
divided by frequency. Therefore, to develop constant
torque below base speed the input voltage should be varied
to maintain approximately rated volts per Hertz. At fre-
quencies befow approximately 30 Hz an increase in the
volts per Hertz ratio may be required to maintain constant
torque, For applications that require less than rated torque
below base speed, system economics may be improved by
operation at a reduced volts per Hertz ratio,

17A.04.1.2 OPERATION ABOVE BASE SPEED

Above base speed, an input voltage having a fundamen-
tal component equal to rated motor voltage should be
maintained for constant horsepower operation, The maxi-

“

mum (breakdown) torque capability of the motor will limit
the maximum speed at which constant horsepower opera-
tion is'possible (refer to the motor manufacturer),

17A,04.2 Current

17A.04.2.1 RUNNING CURRENT

Inverters are generally rated in terms of a continuous
current carrying capacity, a short term current camrying
capacity, and a peak current capacity. To properly choose
the size of inverter required in an application, considera-
tion should be given to the peak and transient values in
addition to the rms value of motor current, and the manner
in which the system is to be operated. Because some level
of current will exist at each of the harmonic frequencies
characteristic of the particular type of inverter, the total
root mean square (rms) sum of current required at full Ioad
may be from 5 percent to 10 percent greater than that level
of current comresponding to operation on a sinusoidal
power source. The magnitude of the peak values of the
current waveform may vary from 1.3 to 2.5 times the rms
value of the current, depending on the type of inverter

.. considered and the motor characteristics. An additional
margin from 10 percent to 50 percent in the current rating of the
inverter should be considered to allow for possible overioad
conditions on the motor so as not to trip the inverter on such
short time overcurrent demand. When the motor and inverter
are used in a system where sudden changes in load torque or






APPLICATION CONSIDERATIONS

NOVEMBER 1889
MG 1-1987

PART 17A, PAGE 1

: Part17A - '
APPLICATION CONSIDERATIONS FOR CONSTANT SPEED MOTORS USED ON A
SINUSOIDAL BUS WITH HARMONIC CONTENT AND GENERAL PURPOSE MOTORS
USED WITH VARIABLE-VOLTAGE OR VARIABLE-FREQUENCY CONTROLS OR BOTH

MG1-17A.01 SCOPE i

The information in this section applies to NEMA De-
signs A and B squirrel-cage motors rated 600 volts or less,
500 horsepower or less when used on a sinusoidal bus with
harmonic content; or when used with variable-voltage or
variable-frequency controls or both.

NEMA Designs C and D motors are excluded from this
section and the manufacturer should be consuited regard-
ing their application.

For motors intended for use in hazardous (classified)
locations refer to 17.04.10.

Authorized Engineering Information 11-16-1889.
MG1-17A.02 DEFINITIONS

17A.02.1 Motor Base Rating
When a motor is applied to an inverter, the base rating

shall be the nameplated horsepower, voltage, frequency,
speed, and torque (as determined from horsepower and
speed).
17A.022 Motor Qutput Capability
The motor is capable of producing constant torque
(horsepower proportional to speed) at and below base
speed, and constant horsepower (torque inversely propor-
tional to speed) at and above base speed, except where
limited by the following:
a. Effect of reduced speed on cooling. (See 17A.04.5.)
b. Additional losses introduced by harmonic content.
(Under consideration.)
NEMA Standard 11-16-1989,
MG1-17A.03 APPLICATION CONSIDERATIONS
FOR CONSTANT SPEED MOTORS
USED ON A SINUSOIDAL BUS
WITH HARMONIC CONTENT

17A.03.1 Efficiency

Efficiency will be reduced when a motor is operated on
a bus with harmonic content. The harmonics present will
increase the electrical losses which decrease efficiency.
This increase in losses will also result in an increase in
motor temperature, which further reduces efficiency.

17A.03.2 Derating for Harmonic Content

Harmonic currents are introduced when the line voltages
applied to a polyphase induction motor include voltage
components at frequencies other than nominal (fundamen-
tal) frequency of the supply. Consequently, the temperature
rise of the motor operating at a particular load and per unit
voltage harmonic factor will be greater than that for the

motor operating under the same conditions with only voit-
age at the fundamental frequency applied.

When a motor is operated at its rated conditions and the
voltage applied to the motor consists of components at
frequencies other than the nominal frequency, the rated
horsepower of the motor should be multiplied by the factor
shown in Figure 17A-1 to reduce the possibility of damage
to the motor. This curve is developed under the assumption
that only harmonics equal to odd multiples (except those
divisible by three) of the fundamental frequency are pre-
sent. It is assumed that any voltage unbalance or any even
hammonics or both present in the voltage are negligible.
Thisderating curve is notintended to apply when the motor
is operated at other than its rated frequency nor when
openated from a variable voltage or a variable frequency
power supply or both,

Harmonic Voltage Factor (HVF) Defined
The harmonic voltage factor (HVF) is defined as follows:

n
n=§
Where:
n= order of odd harmonic, not inciuding
those divisible by three
Vn = the per-unit magnitude of the voltage at
the nth harmonic frequency
Example: With per-unit voltages of 0.10, 0.07, 0.045,
and 0.036 occurring at the 5, 7, 11, and 13th harmonics,
respectively, the value of the HVF is:

Voao? L0078 00452 0.036> =0.0546
5 7 1 < 13

17A.03.3 Power Factor Correction

The proper application of power capacitors to a bus with
harmonic currents requires an analysis of the power system
to avoid potential harmonic resonance of the power capaci-
tors in combination with transformer and circuit induc-
tance. For power distribution systems which have several
motors connected to a bus, power capacitors connected to
the bus rather than switched with individual motors are
recommended to minimize the potential combinations of
capacitance and inductance, and to simplify the application
of any tuning filters that may be required. This requires
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that such bus-connected capacitor banks be sized so that
proper bus voltage limits are maintained. (See MGI-
14.43.)

Authorized Engineering Information 11-16-1989.

MG1-17A.04 APPLICATION CONSIDERATIONS
FOR MOTORS USED WITH
VARIABLE-VOLTAGE AND
VARIABLE-FREQUENCY
CONTROLS

17A.04.1 Torque

17A.04.1.1 OPERATION BELOW BASE SPEED

The torque produced by an ac motor is approximately
proportional to the ratio of the input (fundamental) voltage
divided by frequency. Therefore, to develop constant
torque below base speed the input voltage should be varied
to maintain approximately rated volts per Hertz. At fre-
quencies below approximately 30 Hz an increase in the
volts per Hertz ratio may be required to maintain constant
torque. For applications that require less than rated torque
below base speed, system economics may be improved by
operation at a reduced volts per Henz ratio.

17A.04.1.2 OPERATION ABOVE BASE SPEED

Above base speed, an input voltage having a fundamen-
tal component equal to rated motor voltage should be
maintained for constant horsepower operation. The maxi-

mum (breakdown) torque capability of the motor will limit
the maximum speed at which constant horsepower opera-
tion is possible (refer to the motor manufacturer).

17A.04.2 Current

17A.04.2,1 RUNNING CURRENT

Inverters are generally rated in terms of a continuous
current carrying capacity, a short term current carrying
capacity, and a peak current capacity. To properly choose
the size of inverter required in an application, considera-
tion should be given to the peak and transient values in
addition to the rms value of motor current, and the manner
in which the system is to be operated. Because some level
of current will exist at each of the harmonic frequencies
characteristic of the particular type of inverter, the total
root mean square (rms) sum of current required at full Ioad
may be from 5 percent to 10 percent greater than that level
of current corresponding to operation on a sinusoidal
power source. The magnimde of the peak values of the
current waveform may vary from 1.3 to 2.5 times the rms
value of the current, depending on the type of inverter
considered and the motor characteristics. An additional
margin from 10 percent to S0 percent in the current rating of the
inverter should be considered to allow for possible overioad
conditions on the motor so as not to trip the inverter on such
short time avercurrent demand, When the motoe and inverter
are used in a system where sudden changes in load torque or






