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Abstract. The modified air gap torque method to determine the efficiency of squirrel-
cage induction motor was presented. of testing which continues the authors’ work on ap-
plication of AGT method to estimating induction motor’s efficiency are discussed. The 
proposed method is verified in a number of selected low-power motors.  
Key words: AGT method, motor efficiency, motor efficiency testing, efficiency esti-
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1. Introduction 
 
 Squirrel-cage induction motors are commonly used in a variety of industrial applications. 
They normally operate below their ratings as they are most often overmotored in relation to 
machinery and equipment they drive. A number of these motors are supplied from frequency 
converters which provide for variable rotational speed of a motor. In the circumstances, ef-
ficiency of a motor varies as a function of not only loading but also frequency of supplied vol-
tage. Economic considerations of reducing energy consumption by industrial processes make 
reasonable monitoring of in-service motor efficiency and, ultimately, energy-saving control of 
a motor [1-3]. The article discusses efficiency estimations using a variety of methods based on 
estimating electromagnetic torque in the motor air gap which enables efficiency estimations of 
in-service motors. 
 A number of methods are known of determining efficiency η of an induction motor. They 
can be divided as follows [2]: 
  $ methods employing indirect slip measurements, 
  $ methods based on measurements of stator’s phase current, 
  $ methods based on equivalent diagrams, 
  $ methods of determining partial losses, 



                                                           R. Figura, L. Szychta, R. Kwiecień                                 Arch. Elect. Eng. 316 

  $ methods of determining air gap torque, 
  $ methods of motor shaft torque measurement. 
 The method of determining efficiency η on the basis of the electromagnetic torque in the 
motor air gap is employed here. This solution does not require installation of specialist me-
asurement equipment in industrial drive systems. 
 The motor efficiency η is defined in the following dependency: 

  2

1
,

P
P

η =  (1) 

where: P1 – mean active power consumed by a motor, P2 – mean shaft power of motor. 
 In the special case of symmetrical and sinusoid variable voltages supplied to a three-phase 
symmetrical motor, power P1 can be assumed to equal [4, 5]: 

  WWVVUU iuiuiuP ++=1 , (2) 

where uU, uV, uW – instantaneous values of voltages supplied to the motor; iU, iV, iW – instant-
aneous values of conduction currents. 
 The power P2 in laboratory conditions was determined by direct measurements of mean 
shaft torque T and mean rotational speed n of the rotor according to the formula [4, 6]: 
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2
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 Applying the above method of P2 measurements is not practicable. In actual applications, 
it is more convenient to determine P2 according to measured supply parameters, such as 
voltage, current or frequency. These methods are liable to an estimation error, however, as 
they provide misleading information on real efficiency values.  
 
 

2. Method of shaft motor power estimating 
 
 The division of induction motor’s power losses (Fig. 1) implies a dependency between P2 
and power PΨ of the rotating field [6]: 

  2 Δ Δ Δ Δ ,Ψ Cur Fer dodr mP P P P P P= − − − −  (4) 

where: ΔPCur – copper losses of rotor; ΔPFer – core losses of rotor; ΔPdodr – stray load losses 
of rotor; ΔPm – friction and windage losses.  
 The copper losses ΔPCur are defined: 

  Δ .Cur ΨP sP=  (5) 

 PΨ of the rotating field is determined on the basis of mean electromagnetic torque Tag in 
the air gap and rotational speed ns of the magnetic field: 
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where: Tag is defined according to a momentary value of electromagnetic torque: 
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Fig. 1. Power flow of squirrel-cage induction motor 
 
 Considering (5) and (6), P2 can be defined by the dependence: 
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 The Equation (8) provides the basis for estimating P2 across in-service motor shaft by 
means of the control system of electric drive. Tag is a result of momentary value of tag defined 
as a module of the product of momentary values of stator fluxes vector ψs times momentary 
values of stator currents vector is [7-9]: 

  ,agt p= ×s sψ i  (9) 

where: p – number of pole pairs in the motor; ψs – vector of values of stator fluxes; is – vector 
of values of stator phase currents. 
 The flux ψs in (9) defines its real value in the motor air gap and provides the basis for cal-
culating PΨ of the rotating field (Fig. 1). The analytical valuation of the stator’s flux is based 
on the generally accepted equivalent diagram of the motor [4] which ignores losses ΔPFes in 
the rotor core. Therefore, the concept of an equivalent vector ψst of momentary values of sta-
tor flux ψst is introduced: 

  ( ) ,dt= −∫st s s sRψ u i  (10) 

where: Rs – matrix of phase resistances of stator winding; us – vector of momentary values of 
phase voltages supplied to the motor. 
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 This equivalent fluxes vector ψst has produced an equivalent power PΨt of the rotating field 
(Fig. 1), which conforms with the analysis in [7-9]. Dependences (9) and (10) for three-wire, 
sinusoidal, and symmetrical power supply system of a three-phase motor produce the follow-
ing expression of momentary electromagnetic torque tagt: 

  ( ) ( )[ ].3 ∫ ∫ −−−= dtiRuidtiRuipt VsVUUsUVagt . (11) 

 With regard to inter-phase voltages, (11) can be formulated as: 
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tagt expressed by (12) helps to compute the equivalent power PΨt of the rotating field (Fig. 1). 
In accordance with the earlier assumption, the following dependence obtains: 

  FesΨtΨ PPP Δ−= . (13) 

 Available literature ignores losses ΔPFes in the stator’s core and ΔPFer in the rotor’s core to 
compute P2 [7-9]. Stray load losses ΔPdodr are assumed to comply with IEEE 112 [10]. The as-
sumed ΔPdodr have tabulated values and are percentages of P2 discharged by a motor (Tab. 1). 
Friction and windage losses ΔPm are assumed to equal 1.2% P2. 

 
Table 1. Additional loading losses 

Range of motor power Percentage share of stray load losses 
ΔPdodr in the discharged power P2  

1-90 kW 1.8% 
91-375 kW 1.5% 

376-1850 kW 1.2% 
1851 kW and up 0.9% 

 
 
 These authors have verified the equivalent model of motor losses adopted in [7-9] by com-
paring the actual motor efficiency its estimated value. The results indicate great estimation er-
rors, therefore, the simplifications accepted in [7-9] cannot be applied to practical assessments 
of in-service motor efficiency. 
 These negative results of motor efficiency estimation [11, 12] led the authors to formulate 
new dependencies to compute P2 discharged by a motor. According to calculations and test-
ing, the theoretical and laboratory values of the equivalent power PΨt of the rotating field were 
demonstrated to match. It was assumed that stator copper losses ΔPCus are constantly identi-
fied. Due to the variety of calculation methods, the remaining losses were assumed to belong 
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to a single group, defined as estimated losses ΔPest. ΔPest are a new concept whose interpreta-
tion is the aim of this article. 
 

Fig. 2. A simplified division of 
power losses of squirrel-cage 

induction motor 

 
 
 On the basis of such assumptions, Sankey diagram is simplified as shown in Figure 2 (8), 
which defines P2, is expressed as: 
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where: ΔPest – estimated losses (Fig. 2) defined by: 
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are assumed here to be a function of rotational speed n (ΔPest
 = f(n)) and expressed as: 

  ( )* *Δ  ,estP n
α

=  (16) 

where: ΔPest
* – relative estimated losses; n* – relative rotational speed of the rotor; α – 

power’s exponent, where α ∈ R, with: 
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where: ΔPestN – estimated losses under rated operating conditions of the motor; nN – rated 
rotational speed of the motor. 
 According to (16), ΔPest are zero for n equal zero. Where the rated rotational speed n = nN 
of the rotor, on the other hand, estimated losses correspond to the rated value. ΔPest(nN) = 
= ΔPestN. Rated losses are defined in line with (14): 

  2
2  Δ ,
60estN agtN N NP T n Pπ

= −  (19) 

where: P2N – rated motor power; TagtN – mean rated torque tagtN in the motor’s air gap, defined by:  
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where: iUN, iVN – instantaneous currents across the stator’s winding for rms value of current 
I = IN; uUVN, uWUN – instantaneous conduction voltages for rms value of voltage U = UN. 
 The estimated rated losses ΔPestN are the second point of the characteristic ΔPest = f(n). 
There is no rule for determining the exponent α (21). It is assumed to be verified by empirical 
results. At this stage, its value has been assumed as α = 1 [12].  
 
 

3. Laboratory testing 
 
 The testing employed a laboratory stand whose flow diagram is illustrated in Figure 3. IM2 
motors (Table 2), were supplied with sinusoidal variable voltage from an SG of rated power 
SGN = 4.0 kVA. IM2 motors were loaded with a DCG. The drive assembly DML and a pro-
grammed rotational speed meter helped to produce a desired braking torque across the motor 
shafts. 
 The testing process employed a script IT control system for automatic industrial equipment 
[13] developed by the Department of Electric Drive and Industrial Electronics, Faculty of 
Transport and Electrical Engineering, Technical University of Radom. It provides for simul-
taneous reading of measured values. 
 

Table 2. Ratings of tested motors 

L.p. Manufacturers PN 
[kW] 

UN 
[V] 

IN 
[A] 

nN 
[rpm] 

cos 
[–] 

η 
[–] 

1 INDUKTA 2.2 400 4.8 1425 0.80 0.82 
2 INDUKTA 2.2 400 5.0 2870 0.77 0.82 
3 TAMEL 1.5 380 3.7 1420 0.80 0.77 
4 TAMEL 1.5 380 3.5 1410 0.80 0.81 

 
 

 

Fig. 3. Flow diagram of the measurement station 
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 The motor load testing covered the frequency range of 25-50 Hz as operation of pumping 
sets or compressors in wider regulation ranges is not practicable. Motor efficiency was deter-
mined by direct measurements of shaft torque and motor rotational speed in line with PN-EN 
60034-2-1 [14]. These measured efficiencies η of the test motors were treated as actual values.  
 According to the AGT method, modified by determining ΔPest in conformity with (16), 
efficiency ηe of a squirrel-cage induction motor was calculated. Calculation results of ηe and 
actual efficiency η are shown in Figure 4. η determined by direct measurements of shaft 
torque of a tested motor is plotted with black dots. Estimated efficiency ηe is shown with 
a broken line. The results vary substantially across motor models. In respect of motor 1 (Fig. 4a), 
the estimation error of efficiency is satisfactory and below 4% while the divergences are 
unacceptable for the remaining motors (Fig. 4b, c, d). Accordingly, the definition of estimated 
losses ΔPest in (16) must be verified by means of a correction factor β:  

  ( )* *Δ  ,estP n
α

β=  (21) 

β varies for the test motors. It includes variations of power losses over the lifecycle of a motor. 
Determination of β on the basis of laboratory testing is feasible at this stage. Application of an 
individually selected β for each motor reduced the error of estimated efficiency concerning the 
motors tested at the laboratory (Fig. 5). 
 

 
Fig. 4. Motor efficiency as a function of electromagnetic torque η = f (T): a) motor 1, b) motor 2, 

c) motor 3, d) motor 4 
 
 Application of individually selected values of β reduces the error of estimated efficiency 
concerning the motors tested at the laboratory (Fig. 5). 
 Efficiency estimation results for motor 1 do not require application of a correction factor β 
(Fig. 4a and 4a). In the circumstances, β becomes 1. The estimation error is comparable to the 
systematic error determined according to accuracy classes of the measurement instruments. 
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Efficiency estimation results for motors 2, 3, and 4 differ from measured values and the esti-
mation error rises as the motor shaft torque reduces (Fig. 4 b, c, and d). Introduction of β re-
duced the estimation error (Fig. 5 b, c, and d) to the level of the systematic error. The cor-
rection factor is in the range 0.6-0.9 with regard to motors 2, 3, and 4 
 

 

Fig. 5. Motor efficiency as a function of electromagnetic torque η = f (T) on introduction of factor β: 
a) motor 1, b) motor 2, c) motor 3, d) motor 4 

 
 

4. Conclusion 
 
 The laboratory testing involved new and in-service motors. It was demonstrated that the 
modified AGT method can be applied to determining efficiency of a squirrel-cage induction 
motor. The estimation error can be reduced by application of the correction factor β. The 
authors are searching for a dependence that can be employed to determine β as the latter varies 
across tested motors. The testing confirms it is correct to assume α = 1. This means that 
estimated losses defined in this article can be determined as linearly dependent on rotational 
speed. 
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