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Abstract. The article presents a method of calculating efficiency of squirrel-cage induction motor. This efficiency depends 
on frequency of the voltage supplied to the motor and on electrical power. Results of laboratory testing of the motor's 
efficiency are presented.  
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1. INTRODUCTION 

 
Most pump drives employ squirrel-cage 

induction motors whose rated efficiency ηsn at power 
of above 2kW, are most often greater than 80%. 
High efficiency is maintained across a wide 
variation range of the relative torque m* (10) loading 
the motor's shaft, at rated frequency and supply 
voltage (Fig.1).  

Rated frequency voltage motor supply limits the 
choice of methods of controlling a pump station's 
productivity. The commonly applied, variable 
rotational speed pump drives require that squirrel-
cage induction motors be supplied with voltage of 
variable: frequency and rms value. These parameters 
influence rotational speed and electromagnetic 
torque gained by the motor [7, 11]. Harmonics of 
current and voltage are also greater, which induces 
additional losses in the motor, reducing its efficiency 
�s [3, 4, 5, 7, 10, 12, 13, 17, 18]. In [6] is presented a 
method of calculating losses in the induction motor 
powered from a frequency converter, applying the 
induction machine model, where each harmonic of 
the supply voltage corresponds to an independent 
equivalent circuit. 

Losses in the stator core FeP∆  depend on 
frequency of the supply voltage and induction B. 
When the motor is supplied with non-sinusoidal 
voltage, the core losses νFeP∆  at �−th harmonic are 
expressed [6]:  
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where: 
ν - �−th harmonic, 
PFe – the core losses, 
Uν - �−th harmonic of supply voltage, 
fν - �−th harmonic of voltage frequency. 
Assuming 3.1=β  the result is: 
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Equation (2) indicates the core losses caused by 
higher harmonics are low and decrease as the 
harmonic order increases. 

Some authors include iron losses in the 
equivalent model of squirrel-cage induction machine 
[6]. To compare losses when the motor is supplied 
by voltage and current converter, a mathematical 
model of the induction machine is presented in the 
form of differential equations in consideration of 
iron losses during vector control [7]. Loss 
distribution in the induction motor as a function of 
supply voltage's frequency during PWM control was 
analysed in [5, 19]. The results discussed in [19] 
indicate that, for supply voltage frequencies f>0.6fn, 
the total losses caused by higher harmonics of the 
supply voltage reduce efficiency by a maximum of 
2%÷5%. The losses in the motor can be limited by 
employing a sinusoidal filter at the output of the 
frequency converter [15, 16].  

 

 
Fig.1. Efficiency of induction motor ηs of 7.5kW 

INDUKTA as a function of relative load torque m* (10) 
[18]; continuous line - motor is supplied with sinusoidal 

voltage; broken line - motor is supplied with non-
sinusoidal voltage 

 
Figure 1 shows impact of all losses, presenting 

efficiency variations of the motor �s supplied with 
sinusoidal voltage and with non-sinusoidal voltage 
from a PWM frequency converter. Efficiency �s of 
both the supply systems has similar values in the 
frequency range ( )Hz5030 ÷∈f . Usually the same 
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range frequency of voltage supply is applied for 
water pump sets drives. Pump sets should work at 
the energy-efficient rule. It is possible when the 
motor efficiency ηs is of high value. The dependency 
defining efficiency ηs, during motor operation, is 
unknown. In the article there is presented the way of 
calculating the estimated efficiency ηse, of a motor 
in a working pump set, by measurements of 
electrical power P1. 

 
2. GENERALISED EFFICIENCY MODEL OF 

SQUIRREL-CAGE INDUCTION MOTOR 
 
It is assumed that the motor is supplied with 

sinusoidal voltage of variable frequency f and rms 
value of voltage U. The dependency is assumed to 
obtain: 

 

const=
f

U
  (3) 

where: 
U – rms value of sinusoidal voltage [V], 
f – frequency [Hz]. 

The maximum range of frequency is 
( )Hz50,30∈f , and the rated frequency is 50Hz.  

 
Power losses �P in the induction motor equal: 

 

21 PPP −=∆       (4) 
where: 
P1 – the electrical input power [kW], 
P2 – the mechanical output power [kW]. 

Rated losses �Pn occur at rated mechanical Pn 
and rated electric P1n power of the motor: 
 

n
sn

sn
nnn PPPP

η
η−=−=∆ 1

1  (5) 

 
where: 
 

sn

n
n

P
P

η
=1  

ηsn – the rated motor efficiency, 
Pn – the rated motor power [kW]. 

 
On the basis of experimental testing, motor 

losses when supplied with variable frequency 
sinusoidal voltage are defined [2]. Power losses split 
into components including no load operation losses, 
losses dependent on supply voltage frequency, and 
losses dependent on loading torque: 
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where: 
M – the motor torque, 
Mn – the rated motor torque. 

Losses �P (6) can be rearrange: 
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Employing dependencies defining mechanical 

power P2 as a function of load torque M, the 
dependence between frequency and rotational speed 
with respect to induction motor, the relative torque 
m∗ is obtained: 

 

smm ηβ=∗   (11) 
where: 
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where: 
ηs - efficiency of induction motor, 
s – the slip, 
sn – the rated slip. 

Slip s variations as a function of m* are complex 
across the operating range of the induction motor 
[11]. At low values of s the dependence applies: 
 

∗⋅= mss n   (13) 
 

On the basis of (11), (12), (13), the torque m* 
loading the motor shaft results: 
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Following on (7), (14), losses �P are obtained as 

a function of the motor efficiency ηs:  
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Resulting from the general definition of efficiency 
and from (4): 
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On the basis of (7), (8), (9), (10), (14), (15), (16), 

(17), (18), the estimated efficiency ηse of the 
induction motor is defined as a function of electric 
power P1 and frequency f of the supply voltage: 
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The well-known dependence determining the 

motor's tested efficiency �sb can be expressed [11]: 
 

19550P
nM

sb
⋅=η    (23) 

n – the rotary speed [r.p.m], 
P1 – the electrical input power [kW], 
M – the motor torque [Nm]. 

 
In conditions of actual pump operation, load 

torque M is difficult to measure to calculate 
efficiency ηsb (23). Drive systems that employ the 
method of direct torque control (DTC), where 
electromagnetic torque is computed in the control 
process, are an exception. On the other hand, (19) 
can be employed to calculate the motor efficiency 
ηse in any operating conditions of the drive system 
through measurements of electric power P1. It is 
possibly after calculating the rated losses ∆Pn (5) 
bases on rated motor power Pn and rated motor 
efficiency ηsn. 
 
3. TESTING OF EFFICIENCY OF SQUIRREL-
CAGE INDUCTION MOTOR 

 
The dependence (23), expressing tested 

efficiency �sb of the induction motor, is a generally 
known definition of this efficiency. It is interesting 
to verify (19) by means of laboratory testing of the 
motor's efficiency and reciprocal comparison of 
results [1, 8, 9]. Efficiency of the induction motor 
was tested at a measurement station whose block 
diagram is shown in Figure 2. 

 

 
Fig.2. Block diagram of the testing station employed to 

determine efficiency of the induction motor 
 
The following magnitudes are measured at the 
testing station: 
a) electric power P1 (measure of NPM 
network parameters), 
b) frequency f (measure of NPM network 
parameters), 
c) torque M (torquemeter ALPHA),  
d) rotational speed n (torquemeter ALPHA). 

 
For purposes of efficiency analysis, a 2.2kW 

motor is employed. The mechanical power P2, 
corresponding to power of the working pump, is 
generated by a direct current generator. Following 
from the theory of similarity, its value is defined: 
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where: 
P2n1 –motor mechanical output power for pump 
rated rotary speed, 
nn – rated rotary speed. 
 

The value of P2n1 is variable and dependent on 
the pump's capacity Q. An expression of the relation 
between P2n1 and Q is unknown. A CR5-12 pump 
unit was tested, consisting of a pump and 2.2kW 
motor, which fulfilled the following working 
conditions: ( )nQQ ,0∈  (Qn – rated capacity output), 
h=const, at relative heads: h=0.6, h=0.8, h=1. The 
relative head h is defined: 
 

nH
H

h =     (25) 

where: 
H – pump head, 
Hn – rated pump head. 

At these working conditions of the pump set, 
electric power P1 and frequency f were measured, 
and the motor's efficiency ηse was estimated (19), as 
illustrated in Figure 3. 

In the second testing cycle, a 2.2kW motor was 
loaded with a direct current generator. Loading 
torque varied in such a way that the electric power 
P1 and frequency f reached the same values as in the 
first testing cycle of the pump unit. A torquemeter 
was attached to the motor shaft at the laboratory 
station (Fig.2). At known P1 and f, loading torque M 
and rotary speed n were measured. The tested motor 
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efficiency ηsb was calculated on the basis of (23), as 
illustrated in Figure 3.  

Loading torque M of the motor depends on the 
pump's operating conditions. For each pump, there is 
an optimum operation point related to the optimum 
pump's efficiency (maximum efficiency for a known 
head H and rotary speed n) [14]. Optimum 
efficiency occurs at the frequencies fopt1=50Hz, 
fopt2=44Hz, fopt3=39Hz, corresponding to heads h=1, 
h=0.8, h=0.6 (optimum efficiency can be determine 
bases on pump iso-efficiency curves). The motor's 
efficiency ηs varies slightly across the frequency 
range ( )nopt fff ,∈ . As the frequency reduces by 

3÷4 Hz in reference to the optimum frequency, the 
motor's efficiency greatly deteriorates. 

 
 

 
 

 
 
 

 
 
Fig.3. Estimated efficiency �se and tested efficiency �sb of 

the induction motor at constant head h of the pump: 
 a) h=1; b) h=0.8 c) h=0.6 

 
 

4. CONCLUSION 
 
The test results of the induction motor's 

efficiency in the two cases indicate that the 
estimated �se (19) and tested efficiency �sb (23) have 
similar values. The tested efficiency results from 
basic dependencies concerning electric machines, 
defining the relation of mechanical P2 and electric P1 

power of the motor. The dependence of estimated 
efficiency �se bases on measurements of electric 
power P1 and frequency f of supply voltage, if rated 
losses ∆Pn are known.  

 

 
Fig. 4. Prototype pumping station implementing an 

energy-efficient control system 
 

The original aspect of �se lies in the dependence 
of its value on the voltage frequency f and electric 
power P1 of the motor. Thus, efficiency of the motor 
can be computed in the PLC (Programmable Logic 
Controller) during operation of a pump set. This 
enables to control operation of the drive in the 
region of greatest efficiencies. Figure 4 presents a 
prototype pumping station including three pumps 
with independent power supply from frequency 
converters. Water runs in a closed circuit. A working 
sequence of a pump set is implemented in PLC, 
employing (19), which reduces its energy 
consumption to the maximum possible extent. 
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