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This paper suggests the use of air-gap torque to assess 
efficiency and load changes of induction motors in the field. 
The efficiency is 

(Air gap torque).2n.- (rpm) 

-(No load air gap torque).2n.- ( rpnz) 
60 

60 
-(Stray load loss) 

Itiput power 

When the supply voltage is unbalanced and contains 
harmonics, there is a fundamental difference between 
method E and the air-gap torque method for efficiency 
assessments. In the real world the supply impedance does 
change the motor terminal voltages a little as the load 
varies. The load goes up and further upsets the voltage 
balance. It results in the increase of the negative sequence 
voltage. For a low negative sequence voltage a higher 
negative sequence impedance occurs. This is caused by the 
non saturated tips of the rotor teeth. The tested data of a 50 
Hp motor given in the paper clearly show that the no load 
negative sequence current of 4.2 Amps is significantly 
smaller than the negative sequence current of 13.7 Amps at 
full load. The no load loss does not cover most of the 
negative sequence losses when the motor is loaded. This is 
different from what Method E is based on. 

Efficiency measurements are conducted on induction 
motors under situations of normal three-phase, unbalanced 
three-phase, motor with power-factor-correction capacitors, 
and motor with single-phase supply, respectively. 

Table 1 shows the comparison between calculated and 
tested values of efficiency and shaft-torque of a 71/2 Hp 
motor under normal three-phase supply. Table 2 shows 

Table 1. Comparison between tested and calculated shaft 
torques and efficiencies of a 71/2-Hp, 2-pole, 3-phase 
induction motor. 

Approximate I I Shafttorque I Efficiency 1 

torques and efficiencies of a 71/2-Hp7 2-pole, 3-phase 
induction motor under unbalanced voltages. 

similar comparison under unbalanced supply situation. 
Additionally, efficiency field assessments of a 3/4 Hp motor 
under I )  3-phase motor with power-factor-correction 
capacitors, and 2) single-phase supply with running 
capacitor are shown in Figures 1 and 2, respectively. Good 
agreements are observed in the comparisons. 
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Fig. 1 Efficiency of 3-phase with capacitors situation 
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Fig. 2 Efficiency of single-phase-supply situation 
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Abstract: Induction motors are the most popular motors used 
in industry. This paper further suggests the use of air-gap 
torque method [l] to evaluate their efficiency and load 
changes. The fundamental difference between Method E and 
the air-gap torque method is discussed. Efficiency assessments 
conducted on induction motors under various conditions show 
the accuracy and potential of the air-gap torque method. 

I. INTRODUCTION 
Induction motors are the most commonly used motors in 

industry. They are important components in the chains of 
drive systems. Motor efficiency is the ratio of shaft output 
power to motor input power. IEEE Std 112 [2] presents 
many methods for induction-motor efficiency tests that may 
not all be suitable for field efficiency assessments. 

When the motor is installed in a production system, the 
no-bench test requirement rules out the use of dynamometer 
and duplicate-machines approaches. 

The equivalent circuit method is commonly used by 
manufacturers for large rotating machines having greater 
than NEMA frame sizes. The motor parameters, such as 
magnetization currents, leakage reactances, resistances, etc., 
are calculated and correlated with tests for specific voltages. 
The advantage of equivalent circuit method is the 
convenience in assessing efficiencies at different slips 
through its simple circuit calculations. However, tracing 
parameters of a motor in the field is not an easy task, 
especially when roughly half the motors used in U. S. 
industry have been rewound [3]. The nominal parameters 
obtained from manufacturers might not be the same as those 
under actual motor operating voltage. Ten percent (plus or 
minus) voltage fluctuations are considered to be acceptable 
for motors [4]. When the voltage is unbalanced, the 
equivalent-circuit approach becomes complicated. In  
addition, it is not uncommon to notice that the power supply 
in the field is polluted with unbalanced voltages and various 
harmonic contents that further affect the induction motor 
efficiency. 

Air-gap torque equations have been known for several 
decades [5-91. Air-gap torque represents the combined 

effects of all the flux linkages and currents in both the stator 
and rotor of the motor. The torque derivation takes the 
unbalanced supply into consideration. The field test of 
adjustable-speed-drive efficiency through the air-gap torque 
method is presented in Ref. [l]. I t  gives a detailed 
explanation of the air-gap torque equations. 

Fig. 1 shows locations of the input power, Pin, the air- 
gap-torque power, and the output power, Pout. The output 
power of a motor is the product of the shaft angular speed 
and shaft output torque. This output torque is the air-gap 
torque less the torque losses associated with friction, 
windage, and stray losses caused by rotor currents. The 
harmonic components of the air-gap. torque are different 
from those of the shaft torque. This difference is caused by 
the rotor mechanical system. 

If the air-gap flux is actually measured, the air-gap 
torque is evaluated after taking out the core, stator 
resistance, and stator stray losses. In this paper the air-gap 
flux is not directly measured. Subsequently, the no-load 
information and stray load loss data are required. 

Unbalanced voltages 

stator 
drops 

excluding 
resistance 

. .  
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Fig. 1 Locations of input power, air-gap-torque 
power, and output power 
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The air-gap torque method is tested on different size 
motors and situations to validate this technique. 
Efficiencies of a 71/2 Hp motor under normal three-phase 
supply and under unbalanced supply situations are assessed 
and compared with direct torque-gauge measurements. 
Additionally, efficiency field assessments of a 314 Hp motor 
under three different situations are conducted. The different 
situations are: 1) 3-phase motor alone, 2) 3-phase motor 
with power-factor-correction capacitors, and 3) single-phase 
supply with running capacitor. 

Load 

n, FUNDAMENTAL DIFFERENCE BETWEEN METHOD E AND 
AIR-GAP TORQUE METHOD 

Positive Negative Ratio 
Sequence. Sequence 

V+ I+ V- I- V-/I- 
VI [Amp1 [VI [Amp] 

The input power of a three-phase induction motor is the 
average summation of products of the instantanecus phase 
voltages, v,, Vb, vc, and phase currents, i ,  it,, and ic. 

period 
j ( uaia + V, jb  + V,i,)dt 

Power = 
(period ) (1) 

where 

iA, ig, and ic = line currents 
P = numberofpoles 

R = half of the line-to-line resistance 
value. 

When the balanced power supply contains negligible 
harmonics, various modified versions based on Method El  
of the IEEE 112 standard [2] can be quite accurate for 
conventional induction motor field efficiency assessments. 
The waveforms acquired by the air-gap torque method may 
be used to calculate the power and harmonic content in 
detail. However, this is not the most important difference 
between the air-gap torque method and Method E. The 
fundamental difference between these two methods is as 
follows. 

There is an unrealistic expectation on Method E, which 
suggests that under any load situation of a motor, the losses 
produced by the negative fields associated with unbalanced 
supply voltages and harmonics are included in the no-load 
loss. These negative sequence fields are not changed at 
either full load or no load, because the speed difference 
between full load and no load is small. Consequently, the 
slip is practically not changed, and the negative sequence 
impedance as well as the negative sequence currents remain 
the same. Under any load the loss associated with the 
negative sequence fields is the same as this loss at no load. 
Therefore, the effects of unbalanced voltages and harmonics 
are fully covered in Method E. 

The air gap torque method does not consider that this 
expectation is correct for motors operating in the field. In 
the real world there is supply impedance. The motor 

terminal voltages do change a little as the load varies. 
Table 1 shows the tested fundamental frequency voltages 
and currents of the positive and negative sequence 
components under an unbalanced supply. When the load 
goes up and further upsets the voltage balance, the negative 
sequence voltage increases. The varied ratios of negative 
sequence voltages to currents indicate that the negative 
sequence impedance is not a constant. It goes up when the 
negative sequence current goes down. For a small negative 
sequence current a higher negative sequence impedance 
occurs. This is caused by the non saturated tips of the rotor 
teeth. The tested data clearly show that the no load negative 
sequence current of 4.2 Amps is significantly smaller than 
the negative sequence current of 13.7 Amps at full load. 
The no load loss does not cover most of the negative 
sequence losses when the motor is loaded. 

2.17 

Table 1 Tested fundamental frequency positive and 
negative sequence components of voltages and currents 
of a 50 Hp motor under an unbalanced supply. 

In  Method E the input power is used as the base to 
subtract various losses for the output power. The negative 
sequence losses that are mostly not covered by the no load 
loss increase the input power. Subsequently, the output 
power is higher. On the contrary, the air-gap torque method 
uses the air-gap torque power, not the input power, as the 
starting point of loss subtraction for the output power 
evaluation. The losses associated with negative sequence 
currents are calculated for each load. The air-gap torque 
method recognizes the sign difference between the torque 
and the corresponding input power. For example: the input 
power of the fundamental negative sequence voltage and 
currents is positive, but the air-gap torque is negative. The 
air gap torque power further subtracts the estimated stray 
load loss and the no load air gap torque power that includes 
the friction and windage loss and the core loss for the 
output power. 

The assumption of neglecting winding spatial harmonics 
in the air-gap torque method is acceptable when the fifth 
and seventh spatial harmonics are negligibly small through 
distributed windings with a proper coil pitch. However, 
their effects need to be studied further. 

m. INPUT POWER AND AIR-GAP TORQUE FOR THREE-LEAD 
MOTORS 

Three-lead motor are often used for NEMA-frame-size 
motors. The power and air-gap torque equations can be 
further simplified. 

A. Input power of 3-lead niotors 

The input power of an induction motor with 3 leads 



can be obtained through a two wattmeter circuitry. The 
instantaneous power of each pair of leads is the product of 
its current and voltage. Input power is the average power of 
the sum of the instantaneous powers of the two pairs of 
leads over the measured period of time. 

Machine Rating 

B. Air-Gap Torque 

Stray-Load loss 
percentage of rated 

The air-gap-torque equation for 3-lead motors is given 
in Reference [I]. Only two line voltages and two line 
currents are required for the air-gap torque calculation. 

1-1 25 hp 
126-500 hp 
501 -2499 hp 
2500 hp and greater 

C. EfJiciency Equations 

OUtDUt 
1.8% 
1.5% 
1.2% 
0.9% 

The shaft output power is calculated from the shaft 

speed (rpm) and shaft torque. 

(rpm) Output power = (Shaft torque ) .2n - 
60 

where the shaft torque is 

Shaft rorque = (Air gap torque ) 
(Stray bad loss) 

2R.  - (rpm) 
60 

- (No load air gap torque ) - 

When the shaft speed, rpm, is used for calculating the air 
gap torque power for all the torque components contained in 
the air gap torque, the slip losses are excluded in the first 
and second terms of (5). 

The negative sequence losses are taken into 
consideration by subtracting the negative air gap torque 
power and by excluding the slip losses at each load point. 
The no load air gap torque power that represents the friction 
and windage loss and the no-load core loss is assumed as a 
constant throughout the entire load region. 

efficiency, q, yields 

77= 

(Air gap torque ) - 2n . - (rpm) 
60 

(rpm) 
60 

-(No load air gap torque) - 2n.- 
-(Stray load loss) 

Input power 

rv. ASSESSMENT OF EFFICIENCY 

A. Experimental Setup 
Experimental setup is shown in Fig. 2. As it i s  

mentioned earlier, for 3-lead induction motors only two line 
currents and two line voltages are needed for the air-gap 
torque calculation. The numbers of data points per cycle of 
84 and 835 have been used respectively. Normally, five 
cycles of data would give a better average picture. Under 
an exceptionally stable supply and load condition, one cycle 
of data might do the job. The higher number of data points 
per cycle gives more accurate result. This can be examined 
by comparing the discrepancies of numerical flux 
integrations [l] between two approaches; one is from the 
total values of currents and voltages, and the other one is 
from the Fourier components of the total values. For the 
lower number of data points, breaking the total values into 
various frequency components before integration for flux 
gives more accurate results. 

Isolated current and voltage transducers are used. 
Isolated transducers are advantageous since the signals can 
be connected to a single common point. This is a great 
convenience to the data acquisition system provided that 

dc to 1 kHz 
current transducer 

\ 
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torque Load 
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power 

0- 
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VCA signal 
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Fig. 2 Efficiency assessment setup for air-gap torque method 
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motor 
3-phase 
supply 

(a) 3-phase induction motor with normal 
or unbalanced voltages 

Approximate 
load 

Positions for 

Shaft torque Efficiency 
[in.Lb] [%l 

+ measurement 

50 % 

25 % 

0 %  

3-phase Induction 
supply 

Calculated 66.1 86.1 
Tested 65.2 84.8 
Calculated 25.9 77.5 
Tested 24.4 72.1 
Calculated 0.9 9.8 
Tested -0.7 -9.8 

(b) 3-phase induction motor with 

p o s i t i o n s  for 

capacitors 

measurement 

phase motor 

currents voltages 

27c 2n: 
2 Vca 

Air-gap torque 

0 
27c 

(a) Normal (basically balanced) supply voltages 

currents voltages 

F Air-gap torque 

0 2n 

(b) Unbalanced supply voltages 

Fig. 4 Currents, voltages, and air-gap torques of a 3-phase 
induction motor 

(c) Single-phase induction motor 

Fig. 3 Induction motor under various situations 
second, per channel at 5 ms/div. Its storage capacity is 
4 x 10 k. The minimum required sample rates is affected by 
the number of data point per cycle of a measured datum and 
the number of data to be measured. 

Sample time differences among different channels are 
neglected in this study. This can be included easily if the 
specific time differences are given. However, when the 
time increment for sampling is small, the error relating to 
the time differences is negligible. 

additional instrumentation errors are negligible. 

A four-channel, dc to 175 MHZ, digital storage scope is 
used. It has a GPIB (IEEE488) inPut/outPut interface 
capability. Maximum sample rate is 100 megasample per 
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B. Eficiency Assessments of Induction Morors Under 
Various Situations 

Calculated h 80.0 T % 
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Fig. 5 Efficiency of normal 3-phase situation 



Fig. 3 shows various situations for field assessments of 
efficiency, They are described as follows. 

I ,  Three-phase induction motor with normal (or basically 
balanced) supply voltages: 

A 71/2-Hp, 60 -H~ .  2-pole induction motor is tested 
under the situation shown in Fig. 3a. Two input voltages, 
two line currents, and the calculated air-gap torque are 
shown in Fig. 4a. The comparison between calculated 
results of the air gap torque method and the tested results 
obtained from torque-gauge tests is given in Table 3. Good 
shaft torque agreement is observed. When the motor is 
lightly loaded, a small discrepancy in the torque between 
calculated and tested results gives a large discrepancy 
between the efficiency values. 

Similar comparison of results for a 3/4-Hp, 4-pole, 60- 
Hz induction motor is shown in Fig. 5. During no-load test 
the motor shaft of the 3/4 Hp motor is still coupled to a 
small load of the eddy current disk, this small load is 
assumed to be 25% of the no load air gap torque. 

2, Three-phase induction motor with unbalanced voltages: 

The same 71/2-Hp, 6O-Hz, 2-pole induction motor is 
tested with unbalanced voltages under the situation shown 
in Fig. 3a. The two line currents presented in Fig. 4b are 

Table 4 Comparison between tested and calculated shaft 
torques and efficiencies of a 71/2-Hp, 2-pole, 
3-phase induction motor under unbalanced voltages. 

S 

0 
.- 0 60.0 t 

20-o 0.0 LH-H 
0 25 50 75 

Percentage of load 
100 

Fig. 6 Efficiency of 3-phase with capacitors situation 
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quite different due to the unbalanced voltages. There is a 
significant second order torque harmonic in the air-gap 
torque shown in Fig. 4b. This method can also be used for 
stator shorted turn detection given in Ref. [7]. 

The comparison between calculated results of the air gap 
torque method and the tested results obtained from torque- 
gauge tests is given in Table 4. Again, good agreements are 
shown in both the shaft torques and efficiencies. 

3. Three-phase induction motor with capacitors: 

When the position for measurement, as shown in Fig. 
3b, is located before the capacitors, the proposed method 
still can be used with expected minor errors associated with 
a lower voltage drop on stator resistances. This is caused 
by the lower line currents due to the power-factor- 
correction capacitors. 

Fig. 6 shows the comparison between tested and 
calculated efficiencies of a 3/4-Hp, 3-phase, 208-volt, 4- 
pole induction motor. Three 14-microfarad capacitors 
connected in delta are used for the power-factor correction. 
Acceptable results are obtained. 

4. Single-phase induction motor: 

This refers to a single-phase supply situation of a three- 
phase induction motor with one phase connected through a 
14-microfarad running capacitor. Fig. 7 shows the 
comparison between tested and calculated efficiencies of a 
3/4-Hp, 3-phase, 208-volt, 4-pole induction motor 
connected according to Fig. 3c. Again, acceptable results 
are observed. 

Tested h 80.0 % 

5 60.0 

L' 40.0 
UI 
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.- 0 I p 
Y- 

20.0 ,9' 
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0.0 k I I 1 I I 1 I 
0 25 50 75  100 
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Fig. 7 Efficiency of single-phase-supply situation 

V. CONCLUSIONS 

1. This paper presents a study on the use of air-gap 
torque method to assess efficiencies and the load changes of 
induction motors. 



2. The power supply in the field is commonly polluted 
wi th  unbalanced supply voltages and harmonics that 
produce negative sequence or asynchronous fields. An 
example shows that in the real world the power supply has 
impedance, the loss associated with negative sequence 
fields cannot be correctly represented by the no load loss. 

3. In the air-gap torque method, the air-,pap torque 
power, not the input power, is the starting point for loss 
subtraction. When there are harmonics or negative- 
sequence voltages and currents, the air-gap torque method 
considers the slip losses and recognizes the sign difference 
between the torque and the corresponding input power. 
Subsequently, the harmonic and fundamental negative 
sequence effects on efficiency can be more accurately 
assessed. 

4. Efficiency assessments conducted on induction 
motors under conditions of normal three-phase, unbalanced 
three-phase, motor with power-factor-correction capacitors, 
and motor with single-phase supply, respectively, show 
good results. 
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