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Abstract—The effects of power supply on the energy efficiency
of a form-wound cage induction motor are studied when the
motor operates under light loads. The cage induction motor
is modelled with the space and time discretized finite-element
analysis. The resistive losses are taken into account accurately
by modelling eddy currents in the form-wound multi-conductor
stator winding and the rotor cage. The core losses are considered
with conventional empirical equations. A pulse-width-modulated
(PWM) voltage is used to supply the motor. The fundamental
harmonic (FH) terminal voltage is decreased from its rated
value and the slip is adjusted to achieve a particular load
condition. The variation of the total electromagnetic as well as
the stator resistive losses are analyzed to find the optimum supply.
Index Terms—optimum supply, finite-element analysis, PWM
supply, electromagnetic losses, cage induction motor.

I. I NTRODUCTION
Usually, an induction motor is designed to maintain high
efficiency when it runs in the region from 75 percent load
to the full load [1-2]. However, the requirement of load may
change with time. With changing load, the speed control is
essential and control of the voltage is one possible technique
[3]. When the requirement of the load is changed to a very
light load condition, the efficiency of the induction motor
becomes low. At no load or light load, a significant amount
of losses can be saved by controlling the voltage [4-5]. The
optimum supply of the machine will be different for different
loadings of an electrical motor.
Due to the requirement of speed control, the application of
inverter-fed electrical machines has increased significantly in
recent years. When the motor is supplied from an inverter,
the control of the motor becomes easy and accurate but the
supply voltage is strongly non-sinusoidal and contains a set
of harmonics [6-8]. These additional harmonics increase the
electromagnetic losses of the motor significantly [9-13].
The pulse-width-modulation (PWM) is the most commonly
used technique in an inverter. The most classic PWM
modulation is based on comparing a sinusoidal modulating
wave with high frequency triangular signal as a carrier. As a
further improvement, one sixth of the third harmonic injection
into the modulating wave has the advantages of achieving
both greater fundamental and as well as reduced harmonics
[13-15].

The main objective of this research is to study the variation
of the electromagnetic losses to find the optimum supply for
the different loads of an inverter-fed cage induction motor.
II. M ETHODS
A. Modelling of cage induction motor
Time-discretized 2D finite-element analysis is used to model
the cage induction motor where eddy currents in the stator
winding are considered. The equation governing the electromagnetic field of a cage induction motor in a 2D model is
r

s

Qb
Qb
~
1 X
1 X
∂A
r r
~
−(
ση u )~ez −(
ση s ub )~ez = 0
∇×(ν∇×A)+σ
∂t
le j=1 j j
le j=1 j j
(1)
~ is the magnetic vector potential having only one
where, A
nonzero component, ν is the reluctivity, t is time, le is the
effective length of the machine, σ is the conductivity, Qrb
is the number of bars of the rotor winding in the solution
region, Qsb is the number of bars of the stator winding in
the solution region, ηjr and ηjs are the functions to relate the
nodal point of the rotor and stator bar j, usm is the potential
difference of the rotor bar j, urj is the potential difference of
the stator bar j.
The bar equation of the cage rotor is
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where, Rbs is the DC resistance of one rotor bar, irp is the
current in the pth rotor bar, S~p is the cross sectional area of
the pth rotor bar.
The equation of the stator phase is
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where, Qs is the number of symmetry sectors, Qm is the
number of phases, ism is the phase current of the mth phase,
Res is the DC resistance of one phase of the stator end winding,
Lse is the inductance of one phase of the stator end winding.
A separate voltage equation is considered for the stator bar,
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which is strongly coupled with the field and the stator phase
equations. The equation of the stator bar is
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where, Rbr is the DC resistance of a stator bar of length le ,
s
ηnj
is the function to relate between the stator bar n and
phase j and S~n is the cross sectional area of the nth bar of
the stator winding. More detailed description can be found in
[13], [16-18].
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where PFeH and PFeE are respectively the hysteresis and
eddy-current losses, B~n is the nth harmonic of the magnetic
flux density, N is the total number of Fourier components
included in the analysis, CHn is the hysteresis loss coefficient
associated with the nth harmonic, CEn is the eddy-current
loss coefficient associated with the nth harmonic and ωs is
the fundamental angular frequency.
III. R ESULTS

B. Stator resistive loss calculation
The resistive losses embedded in the stator slots are obtained
by [16]
Qsb Z
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(5)
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The end winding resistive loss has been calculated from the
DC resistance of the end winding and phase current
Pew =
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The total resistive loss of the stator winding is
Pt = Psb + Pew

A 3-phase, 50 Hz, 690 V, delta-connected 1250 kW cage
induction motor is studied. The detailed dimensions of the
machine and stator bars can be found in [13], [16-17].
The pulse-width-modulated voltage supply is obtained by making the comparison between the sinusoidal modulating signal
and high-frequency triangular signal as a carrier (switching)
frequency. To increase the value of the fundamental term and
decrease the harmonic contents, 1/6 of the third harmonic is
injected to the modulating signal [13-14], [21]. The switching
frequency is 2 kHz for the studies. A schematic diagram of
an inverter fed motor is presented in Fig. 1. The line-to-line
voltage at the terminal is presented in Fig. 2 as a function
of time when the motor is supplied from the PWM voltage
source inverter at the rated voltage (690 V). The fast Fourier
transformation (FFT) of the line-to-line voltage is presented
in Fig. 3. The spectrum has been obtained from the complex
valued of the space vector.
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C. Rotor resistive loss calculation
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where Vi is the volume of the ith rotor bar inside the
two-dimensional core region. Eq. (9) also includes the power
fed to the ends of the rotor cage [8], [19].
Prc =

σ{(

D. Iron loss calculation
The iron core is modelled as non-conducting and nonlinear materials having a single valued magnetization curve.
Therefore, the iron losses are neglected in the solution of the
magnetic field. An estimate for the iron losses is obtained from
Fourier decomposition of the magnetic flux density in the iron
core of the machine, using empirical models [8], [20] based
on the Steinmetz formula
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Fig. 1.

Schematic diagram of an inverter fed motor.

To find the optimum supply, the FH terminal voltage is
decreased from the rated voltage and the slip is increased
to keep the shaft power constant. The value of the slip is
fine-tuned to achieve the required load point.
A. Fixed DC-link voltage
Most of the drive systems have a particular and fixed DClink voltage. To search for the optimal power supply of an
inverter-fed cage rotor induction motor, the DC-link voltage
is kept constant at 975 V. The flux-weakening frequency is
chosen to increase from 50 Hz to decrease the fundamental
harmonic (FH) terminal voltage. To keep the shaft power
constant, the slip has been adjusted. Approximately, for a
quarter load the shaft power was about 290 kW and for half

presented in Fig. 7 as a function of the FH terminal voltage.
The decomposition of the total electromagnetic loss into
components is presented in Fig. 8.
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Fig. 2. The line voltage at the terminal of the machine is presented as a
function of time when the motor is supplied from a PWM voltage source at
the rated voltage (690 V).
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Fig. 4. The line-to-line voltage at the terminal of the motor presented as a
function of time when the FH terminal voltage is a) 505 V and b) 298.5 V.
A constant DC-link voltage (975 V) is maintained
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Fig. 3. The fast Fourier transformation (FFT) of the line-to-line voltage when
the motor is supplied from a PWM voltage source at the rated voltage (690
V).
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load it was about 590 kW.
The line-to-line voltage at the terminal of the motor is
presented as a function of time in Fig 4a when the FH
terminal voltage is 505 V and in Fig. 4b when it is 298.5
V. By comparing Fig. 2 and Fig. 4 it can be observed that
the DC-link voltage is fixed but FH terminal voltage is
changed by changing the modulation. The corresponding
FFT spectrum of the line-to-line voltage at the terminal is
presented in Fig. 5a when the FH terminal voltage is 505 V.
For the FH line-to-line voltage 298.5 V, the FFT is presented
in Fig. 5b. The FFT has been obtained from the complex
valued space vector. It can be seen from the FFT spectrum
(Fig. 3 and Fig. 5), that a decrease of the FH increases
the higher harmonics. The variation of the stator resistive
loss as a function of the FH terminal voltage is presented
in Fig. 6. The variation of the total electromagnetic loss is

Fig. 5. The FFT of the line-to-line voltage at the terminal when the FH
terminal voltage is a) 505 V and b) 298.5 V. A constant DC-link voltage (975
V) is maintained.

At the quarter load, the reduction of the stator resistive loss
is possible but the amount is not very significant. Whereas,
at half load it increases when the FH terminal voltage
decreases. The core losses decrease with a decreasing FH
terminal voltage. As a result, the total electromagnetic loss is
reduced approximately 23 percent at quarter load, whereas it
is reduced about 8 percent for the half load. The percent of
loss reduction is calculated by comparing the loss at the rated
voltage (690 V) for a particular load. The calculation of the
core losses may have accuracy problems, as the harmonics of
order greater than 90 are neglected. Due to the computational
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Fig. 6. The variation of the stator resistive losses as a function of the
fundamental harmonic (FH) terminal voltage. The shaft power is maintained
at quarter and half of the rated load. A constant DC-link voltage (975 V) is
maintained.
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Fig. 8. Decomposition of the total electromagnetic losses into components
for the quarter load as a function of FH terminal voltage. A constant DC-link
voltage (975 V) is maintained.

half and three-quarter loads. For exactly the same load points
the variation of the total electromagnetic loss is presented in
Fig. 11 as a function of the FH terminal voltage.
800
600

21
Terminal voltage (V)

Total loss (kW)

300

14

400
200
0
0.18
-200

0.19

0.19

0.20

0.20

-400
-600

7

-800
Time (s)

a)
800

300

400

500

600

700

FH line-to-line voltage (V)

Fig. 7. The variation of the total electromagnetic losses as a function of the
FH terminal voltage for the quarter and half load. A constant DC-link voltage
(975 V) is maintained.

complexity, the harmonics are considered only below 4.5 kHz
(90X50 Hz) for the calculation of core loss.
B. Changeable DC-link voltage
The FH terminal voltage is decreased from its rated voltage
(690 V) by decreasing the DC-link voltage whereas the fluxweakening frequency is kept constant at 50 Hz. The value
of the slip is adjusted to achieve the desirable shaft power.
Approximately, for the quarter load the shaft power was about
295 kW, for half load about 595 kW and for three quarter
load the shaft power is 890 kW. The line-to-line voltage at the
terminal is presented as a function time in Fig. 9a when the
FH terminal voltage is 510 V and in Fig. 9b when it is 320
V. The variation of the stator resistive losses as a function of
the FH terminal voltage is presented in Fig. 10 for the quarter,
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Fig. 9. The line voltage at the terminal of the machine is presented as a
function of time when the FH terminal voltage is a) 510 V and b) 320 V.

The slip is adjusted to maintain the particular load points for
different FH terminal voltages. The variation of slip, adjusted
with the FH terminal voltage to maintain a particular shaft
power, is presented in Fig. 12 as a function of the FH terminal
voltage. The decomposition of the total electromagnetic loss
into its components is presented in Fig. 13 as a function of the
FH terminal voltage. The influence of the different components
can be seen by comparing to Fig. 5. The resistive losses
decrease significantly if it is possible to use a changeable DClink voltage for the light load condition. The core losses are
decreased almost in a similar way as for fixed DC-link voltage.
The reduction of the stator resistive losses in percent of the
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Fig. 10. The stator resistive losses presented as a function of FH terminal
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Fig. 11. The total electromagnetic losses presented as a function of FH
terminal voltage. The shaft power is maintained at about quarter, half and
three quarters of the rated load.

stator resistive losses at the rated voltage (690 V) is presented
in Fig. 14 as a function of the FH terminal voltage for the
changeable DC-link voltage at quarter, half and three quarters
of the rated load. In Fig. 15, the reduced total electromagnetic
loss in percent of the total electromagnetic loss at the rated
voltage (690 V) is presented for the quarter, half and threequarter loads.
To study the influence of PWM supply compared to the
sinusoidal supply, the stator resistive losses are presented in
Fig. 16 as a function the FH terminal voltage at the quarter
load.
IV. D ISCUSSION
The machine is studied at quarter and half of the rated
load for the constant DC-link voltage. For the fixed DC-link
voltage, the higher harmonics increase with the decrease of

Fig. 13. The total electromagnetic loss, decomposed into components is
presented as a function FH terminal voltage. The shaft power is at about
quarter of the rated load.

the FH terminal voltage. As a result, the resistive loss in the
cage rotor is increased. Anyway, due to the contribution of
the FH, the stator resistive loss can be reduced. However, the
reduction of the stator resistive loss is not very significant.
Since the core losses are decreased with a decrease of the FH
terminal voltage, the total electromagnetic loss is decreased
about 23 percent for the quarter load and approximately 8
percent for the half load.
If there is a possibility to change the-DC link voltage with
the FH terminal voltage, the electromagnetic losses can be
reduced significantly for the light load conditions. The stator
resistive losses are reduced about 51 percent at the quarter
load and about 18 percent at the half load. The stator resistive
losses are compared with the losses at the rated voltage (690
V). The total electromagnetic losses are reduced to about 61
percent at the quarter load and about 31 percent at half of
the rated load. When the load point is changed, the optimum
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has been done for the quarter, half and three-quarter load.

400

500

600

700

Fig. 16. The stator resistive losses are presented as a function of the FH
terminal voltage at the quarter load for sinusoidal supply and PWM supply.

-50

density. The motor is supplied from a pulse-width-modulated
voltage source. A very typical case is studied when the DClink voltage is kept fixed and fundamental harmonic voltage
is decreased by increasing the flux weakening frequency.
The speed has been adjusted with the voltage to achieve
the particular load. For a fixed DC-link voltage, there is a
very small scope to reduce the resistive losses. The total
electromagnetic loss can be reduced, as the core losses always
decrease with decrease the FH terminal voltage. However, if
there is a possibility to use the changeable DC-link voltage,
the total electromagnetic as well as the stator resistive losses
can be reduced significantly at light load conditions.
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supply also changed. However, if the load point is greater
than 75 percent of the rated load, there is very little scope to
improve. If the motor is running at a very light load conditions,
the electromagnetic losses can be reduced significantly by
controlling the speed and voltage if there is a possibility to
use the changeable DC-link voltage in the inverter.
V. C ONCLUSION
The results presented are obtained by making the simulation
with the space and time-discretized finite-element analysis. A
1250 kW form-wound cage induction motor is used for the
study. The eddy-currents in the stator bars embedded in the
slots and in the cage rotor are modelled and taken into account
in the field solution. The core losses are considered during
post processing by making Fourier decomposition of flux
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