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ABSTRACT

There is a need for an efficiency estimating tool that can be used easily and with a
reasonable level of confidence so that motors can be evaluated for replacement with
energy efficient motors in a simple cost benefit analysis. This report provides an
overview of various methods for estimating the operating efficiency of a motor without
actually removing it from service and testing it on a dynamometer. Dynamometer
testing, while accurate, is expensive and highly intrusive to the operating process. The
efficiency estimation tool needed for the cost benefit analysis must be easy to use,
without disrupting the operating process, and must provide a reasonable accuracy.

The study reports on several efficiency estimation methods and compares them with
actual dynamometer measurements of efficiency. It is found that reasonable estimates
can be made without a high level of cost and disruption of the process. For example, if
the motor can be disconnected from its load and operated at no load condition, and if a
measurement of stator resistance may be taken, several of its losses can be reasonably
approximated as in Method E of IEEE Standard 112 using a segregated loss method. This
method can then be used when the motor is operated at its normal load condition to
evaluate the losses in the motor and estimate motor operating efficiency. This method
has been found to provide a reasonable estimate (perhaps 3% accuracy) when compared
with the dynamometer method in the laboratory. However, disconnecting the motor from
the load does require a short interruption in the process.

There are other less intrusive methods that use only measurements of input power and
speed and then depend on empirical estimation factors. These methods have been found to
have an accuracy of perhaps 4 to 5 % when used at loads above 50% load, but have a
much larger error at low load conditions. Finally, there are new methods under
development that provide a remarkably good estimation of efficiency with a minimal
level of intrusion, but which, in their present implementation, require rather
sophisticated data acquisition equipment and analysis software. One example of these is
the air gap torque method where the voltage and current waveforms are acquired and
analyzed to determine the power transferred across the air gap.

This paper provides a brief survey of methods for evaluating the efficiency of an
operating motor. In general, these methods estimate the motor's efficiency by
measuring some combination of the current, voltage, power in and speed. The motot’s
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efficiency is calculated using an equivalent circuit modei or other mathematical
representation of the motor.

These estimation methods, their level of intrusiveness and their expected accuracy are
discussed in the report. This report provides an assessment of the methods based on only
a literature review and limited testing of selected methods. This report does not attempt
to evaluate or rate the methods in any way.

The methods are divided into four general categories, Segregated Loss Methods,
Equivalent Circuit Methods, Slip Methods, and other. Each of the methods is reviewed for
ease of use and projected accuracy. There are also various commercial methods available
which were not reviewed as part of this study.

Acknowliedgments: Much of this report is based on a study performed for the U.S.

Department of Energy, Bonneville Power Administration, and Authored by J. D. Kueck, J.
R. Gray and R. C. Driver.
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INTRODUCTION

Methods will be discussed for measuring the efficiency of motors already installed and
operating. Testing in place places several severe demands on the method of determining
efficiency. Torque cannot be measured without installation of special instrumentation.
It may not be possible to perform certain desired tests such as no load tests because of
operational requirements. In some cases the nameplate may no longer exist or may be
unreadable. Even when the nameplate exists and is readable, the data may no longer be
applicable because the motor has been reworked or rewound.

One of the key advantages of performing in-service testing is that factors such as voltage
unbalance or harmonic distortion can be measured. While it is difficult to assess the
exact effect of these factors on motor efficiency, the effect of these factors on motor
rating can be easily estimated using guidelines in NEMA Standard MG1 (9). Derating the
replacement motor to account for these factors will significantly increase the motor
lifetime and reliability and may well also improve efficiency.

MOTOR LOSSES

There are, in general, five components of motor losses, as follows:

Stator resistance losses (W1) are the losses in the stator windings equal to 1.5~I2°R
for a three-phase motor where | is the average input line current and R is the average dc
resistance between the line terminals.

Rotor resistance losses (W2) are the losses in the rotor windings equal to 30122~r2 for
a three-phase motor where 12 is the rotor phase current and rs is the rotor dc
resistance.

Core losses (W) constitute the hysteresis and eddy current losses in the iron. These
losses vary approximately with the square of the input voltage, but for fixed input
voltage these remain approximately constant from no load to full load. A common
practice is to use no ioad measurements to estimate these losses.

Windage and friction losses (Wi) are mechanical iosses due to bearing friction and
windage. These losses are also approximately constant from no load to full ioad. It is
also a common practice to use no load measurements to estimate these losses.

Stray load losses (Wi ) are fundamental and high frequency losses in the structure of
the motor and circulating current losses in the stator winding and harmonic losses in the
rotor conductors under load. These losses are proportional to the square of the rotor
current.

Figure 1 depicts the flow of energy through a typical small motor from input, across the
boundaries of the motor, and out to useful mechanical power and to various losses. The
fiows are scaled to depict the typical sizes of the various flows in a motor with 1,000
watts input power. The actual loss distribution in any given motor can vary greatly
from these typical values.
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DISCUSSION OF METHODS BY CATEGORY
Segregated Loss Methods

The segregated loss methods are the most straightforward of the efficiency testing
methods because they simply estimate the magnitudes of each motor power loss
component. The individual loss components are then summed and subtracted from the
power in to find the estimated power out. Some of the methods are quite complicated and
intrusive, while others rely on empirical factors to estimate the losses.

° |EEE Standard 112-1991, Method E1

Except in extraordinary circumstances, method E is not a useful field test for efficiency.
lts additional removed-rotor and reverse-rotation tests used to directly measure the
fundamental frequency and high frequency stray load losses are too invasive and user
unfriendly. Therefore, attention will be restricied to method E1. Even a literal
interpretation of Method E1 would be impractical for field use, but the method is
included here for completeness. Method E1, in its I[EEE 112 format, as discussed here,
is probably seldom used in the field because it requires a variable load and a variable
voltage power supply.

1. Method E1 specifies a comprehensive no load test.

2. Method E1 requires test under load at six equally spaced load points with
four between 25 percent and 100 percent of full load and two greater than
100 percent and less than 150 percent.

3. Method E1 specifies an assumed value for stray load losses at rated load.

4, The repeatability of Method E1 is improved by requiring the adjustment
of all resistance and slip measurements to a specified temperature.

Method E1 requires variable load tests, so the motor being tested must be connected to a
variable load. Furthermore, during the no-load test the motor must be disconnected
from its load and connected to a source of variable voltage. In most circumstances in the
field this would be quite disruptive to normal operation of the system to which the motor
is connected. Once the voltage, current, power and RPM data has been collected, the
algorithms provided in IEEE 112 are used to calculate the individual component losses.

»  Ontario Hydro's Simplified Segregated Loss Method

Ontario Hydro (1) proposes a segregated loss method that simplifies Method E1 much
further. As pointed out in this study, it is not always possible to interrupt a process
long enough to decouple a motor from its load and conduct a no load test. The study
suggests that one way around this obstacle is to assume a value for the combined windage,
friction and core losses. The siudy recommends that these combined losses be set to 3.5
percent of input rated power. The stray load losses are estimated based on the IEEE 112
standard assumed values.

This method can be simplified even further by using assumed values for rated power
factor. Approximations can also be made for the temperature rise of the winding, and
even the winding resistance could be estimated using a reading taken from the circuit
breaker and subtracting the estimated cable resistance. The only other measurements
required are power in to the motor and motor speed. The authors have experimenied
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with a modified version of the Ontario Hydro method and found it to provide an accuracy
of plus or minus 3 or 4 percentage points.

¢« Commercial Devices

Commercial devices are available for measuring the efficiency of installed motors based
on a modified version of the IEEE Standard 112, Method E1. These also require a
measurement of power in, winding resistance, and speed.

Equivalent Circuit Methods

The performance of an electric motor, at least with regard to efficiency, can be
calculated from its equivalent electric circuit. These methods permit one to compute
estimates of the efficiency of the motor when it is operating at loads other than those at
which measurements were made.

» |EEE Standard 112-1991 Equivalent Circuit Methods

The usual equivalent electric circuit of an induction motor is shown in the |[EEE Standard
112-1991 (2), Method F. ‘

Except in extraordinary circumstances, the IEEE Standard 112 Method F is not a useful
field test for efficiency. As is true for Method E, its additional removed-rotor and
reverse-rotation tests to directly measure the fundamental frequency and high
frequency stray load losses are too invasive and user unfriendly. Therefore, we will
restrict our attention to Method F1.

The basic Method F1 requires an impedance test and the complete no load, variable
voltage test. The version of Method F1 believed more suited to field use requires volts,
watts, amperes, slip, stator winding temperature, or stator winding resistance to be
measured at two values of voltage while operating at no load. In one case, measurements
are made at rated voltage while operating at no load. In the other case measurements are
made while operating at no load with voltage reduced untif slip is equal to that obtained at
the normal operating load. Once these measurements are made, an iterative procedure is
used to determine the parameters of the equivalent circuit. The iterative procedure
requires one to either know the design value of the ratio X{/X2 or to use the standard
NEMA design value. Although this method is expected to be quite accurate, it is still
considered to be too intrusive for routine field use.

»  Ontario Hydro’s Simplified Method F1

A modified version of the IEEE Standard Method F1 (2) is outlined in the Ontario Hydro
Study (1).

A no load test and a full load test, both at rated voltage must be run. In turn, this
requires one to disconnect the motor being tested from its load. Line voltage, input
power, line current, power factor, and stator resistance at load temperature are
measured after operating at no load and at full load, i.e. the normal operating load of the
motor. The slip is also measured at full load.

This method eliminates the need for a variable voltage as required by |EEE Standard 112,
Method F1 (2).
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The equivalent circuit used by this method is slightly different from that of Method F1.
In this version of the equivalent circuit the impedance elements of the magnetizing
branch are shown in series while that of Method F1 is shown in parallel. This simplifies
the no load version of the equivalent circuit as shown in (1).

* Development of Equivalent Circuit from Nameplate Information

The least intrusive method to estimate efficiency is based on the use of an equivalent
circuit derived from the motor's nameplate data. Once the equivalent circuit of a motor
is known, its running efficiency at any load can be determined simply by measurement of
the motor speed.

The nameplate data provides information about the motor’s rated performance, locked
rotor current, and design type. We have developed a set of algorithms that find the
equivalent circuit from this data plus the value of the stator resistance. If the stator
resistance is not known, it can also be estimated from motor nameplate data. The
algorithms incorporate refinements to the basic equivalent circuit to account for the
skin factor effects on the rotor and to treat stray load and friction and windage losses
explicitly.

The accuracy of this method is of course closely related to the accuracy of the data in the
nameplate. When the skin effects and explicit losses refinements are used, the efficiency
estimates are also affected by the accuracy of the selected factors. Even with typical
nameplate information of older conventional motors and rewound motors, this method
has been shown in limited testing to provide an average accuracy of less than 3.5
percentage points.

¢+ Two Rotor Loops Equivalent Circuit Methods

The next two methods are based on an equivalent circuit that differs from the standard
equivalent circuit. The revised equivalent circuit adds a second rotor loop.

= |.ocked Rotor Method

A. Dell’ Aquila, L. Salvator, and M. Savino (3) present a procedure that uses two locked
rotor tests to determine the parameters of an equivalent circuit with two rotor loops. An
alternative procedure is to use a single locked rotor in conjunction with a load test to
determine these parameters. in both cases a no load test must also be run. With these
parameters in hand they then develop a method for computing the efficiency of the motor
from the equivalent circuit relationships.

The advantages of this two rotor loop method are:

1. The procedure for determining parameters of equivalent circuit is not
iterative like that of Method F1.
2. According to the authors, the iwo reactance loop equivalent circuit

represents double-cage and deep-bar rotor motor betier than the single
rotor loop equivalent circuits.

This method has two principal disadvantages:

1. it requires a complete no load test with the motor to be connecied to a
variable voltage power source.
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2. It requires connecting the motor to a variable frequency source. This is
too massive and user unfriendly for a good field test.

s Standstill Frequency Response

A study (4) sponsored by the Electric Power Research Institute (EPRI) investigated the
sensibility of determining the electrical equivalent circuit parameters of induction
motors by using the standstill frequency response (SSFR) test. The approach
investigated by the EPRI study was to measure the impedance of a motor, with its rotor
stationary, over a frequency range of 0.01 to 500 Hz. The parameters of the equivalent
circuit are then derived from these data.

The major advantage of this method over the standard method F1 is that the low voltage,
no load test is not required. The level of applied voltage is much lower than that of the
low voltage, no load test.

If a packaged test device with a variable frequency source is developed and made
commercial-available, then the only drawback would be the no load test to determine
friction and windage.

Slip Methods
«  Slip Method

There are several versions of this method. All rely on a measurement of motor speed to
find the slip. The measured slip (per unit) is the synchronous speed minus the
measured speed divided by the synchronous speed. The rated slip is the synchronous
speed minus the rated nameplate speed divided by the synchronous speed. The simplest
version of the method is to find the ratio of the measured slip to rated slip and set this
equal to efficiency. The obvious error is that the slip ratio represents the percentage of
load and the efficiency is not equal to the percentage of load. Alternatively, one can aiso
measure the power into the motor, and approximate the power out of the motor by
multiplving the rated horsepower of the motor by the ratio of the measured slip to rated
slip. The operating efficiency of the motor is thus approximated using the following
relationship:

Efficiency = (Measured Slip/Rated Slip) x Raied Quiput Power

Input Power

Some users of this method iry to enhance its accuracy by correcting the rated nameplate
speed for voltage variations. This is done by taking the square of the ratio of the actual
voltage to nameplate voltage and muitiplying this time the rated speed. This is really
only an exercise in good intentions, however, because the nameplate speed can be so
inaccurate. The namepiate speed is allowed to deviate as much as 20% from the actual
rated speed by NEMA MG1 (9).

The main attraction of the standard slip method is its simplicity. However, several
authors, e.g. (2), (6), (7), and (1), have observed that the accuracy of the method
suffers badly from several causes. Nailen (7) and the Arizona Depariment of Commerce
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Energy Office (5) provide an excellent discussion of the drawbacks of the slip methods,
particularly the standard slip method. The scale of these inaccuracies is supported by
the Arizona Department of Commerce Energy Office (2) which found that the slip method
can differ from dynamometer results by over 40 percent.

*  Current Method

The current method is another approach that uses a minimum of field measurements in
conjunction with manufacturer’'s data to estimate motor efficiency at normal operating
loads. There are also several alternative current methods. Like the slip methods, the
main attraction of the current method is its simplicity. Let Iy be the rated current, I
be the measured current and I} be the no load current. In its basic form the current
method estimates efficiencies as:

Efficiency = ((Um_-In1)/(ly - Ini)) x Rated Output Power
Input Power

The slip method requires a no load test to obtain the no load data. It also has a very
serious drawback in that the current does not vary linearly with the load. This results
in major inaccuracies, especially at low load conditions. Reference 7 provides an
excellent discussion of this problem and provides an improved version of the above
equation, but concludes that even the improved version can have major inaccuracies
depending on the shape of the motor performance curve and the load condition the motor
is operating at.

Hsu, et al (6) and Nailen (7) summarize the advantages of the current method:
1.  The NEMA Standard MG1-12.47 permits only half the tolerance in name plate
full load current as it does full load slip.
2. Motor current measured by a clamp-on probe has a low intrusion level.
The chief disadvantage of the current method is:
1. Current, unlike slip, does not vary linearly with load because there is a

magnetizing current even when the motor is operating at no load. Therefore, this
method alsc has a significant inherent inaccuracy.

Other Methods

¢ Air Gap Torque Method

Hsu and Scoggins (8) have proposed a new field method based on well known air gap
equations for determining motor efficiency. The fundamental difference between the
air-gap torque method and the methods using input power deductions such as method E1

is that the air-gap torque method considers the negative rotating torques caused by
unbalance and by harmonics. It uses measurements of instantaneous input line voltages
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and line current and a set of integral equations to compute the average air gap torque.
The authors note that the data required by the method can be quickly obtained with an
inexpensive personal computer system. Furthermore, this same personal computer can
be programmed to quickly solve the air gap equations with numerical integration
routines. Once the air gap torque is obtained the efficiency is computed by:

core — Strayload losses

(Air gaptorque)e 27[(%)”1) - Wi =W,

Efficiency = 7

1

The advantages of the method:

1.  Air gap torque can be measured while the motor is running.
The air gap torque method should continue to provide optimum accuracy when the
phase powers are unbalanced.

3. This method can be used for non-induction motors such as the adjustable speed,
brushless dc motors,

The major disadvantages of the method are:

—

Current and voltage waveforms are required as input data.

2. The core, friction and windage, and stray load losses must be estimated or
measured.

3. Software will be required to analyze the field measurements.

SUMMARY

In general, higher confidence levels are provided by the more intrusive methods. In
most cases, the user is not trying to make an exact determination of efficiency, but only
a reasonable efficiency estimate for the motor replacement decision making process.
Thus a high confidence level estimate may not always be required.

The major shortcoming of all the inservice methods is that they are based, to varying
levels, on approximations of the motor performance based on design information.
Degradation in the motor, or losses to due improper rewinds, may well not be detected.

In addition to estimating the motor's load and operating efficiency, a significant advantage
of making a field measurement is that the user will obtain data about the motors actual
service condition, and conditions such as voltage phase unbalance, over or under voltage,
or excessive harmonic distortion can be assessed and then properly addressed. A
properly applied motor will in general be more efficient and more reliable.

Significant testing has not been performed with the methods, but the authors would
venture their opinions on three of the methods and their potential accuracies as follows:

1. The most accurate method is probably the air gap torque method. This method, if
used with a long enough sample time to average out any short term oscillations in
the load (one second of sampling) should provide an accuracy of perhaps + 2
percentage points or better.

2. The second method is the modified Method E1i. If an accurate measurement of
motor resistance, power in, and rpm can be made, this method should provide an
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accuracy of £ 3.5 percentage points. This could be improved, especially at low
load conditions, if a no load test can be made.

The third method is development of the equivalent circuit based on nameplate
data. The significance of this method is that it has an extremely low intrusion
level. Only the nameplate data and a measure of RPM are required. We would
estimate this method to have an accuracy of = 4 percentage points.
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