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Experimental tests on high-power motors are subject to
a number of logistical problems, since they usually have to take
place in industrial conditions, which makes the experiments ex-
pensive to perform. For this reason, there are relatively few ex-
isting reports on experimental research relating to temperature
rise in high-power cage induction motors [19�21].

In the present study, comparative experiments were per-
formed with a cage induction motor subjected to soft start-
ing, start-up using an inverter drive (VFD), and direct online
start-up.

In view of the described dif�culties with investigating motors
in medium and high-power drive systems, the authors decided
to carry out tests on a low-power motor. The study concerned
the start-up of a drive system with a 4 kW cage induction motor.
To show the differences in the heating of the cast cage winding
under different start-up methods, the bar temperature was mea-
sured in the slot part. Of course, it must be recognized that high-
power cage motors have a different rotor design than smaller
motors. It is known that in double cage motors, the highest tem-
perature at start-up is attained by the cage bars outside the core
region, while in deep bar motors, the highest bar temperature is
found within the core region. In addition, due to the skin effect,
there is great variation in the temperature distribution over the
cross-section of the bar. The highest temperature occurs in the
part of the slot close to the motor�s air gap. The temperature of
the cage winding during start-up is determined by the quantity
of energy released in the winding, irrespective of the size of the
motor. According to the simpli�ed analysis of this phenomenon
presented in Section 2, the choice of start-up method has a sig-
ni�cant effect on the quantity of energy released in the rotor.
This �nding inspired the authors to investigate this question ex-
perimentally.

2. Quantity of energy released in the rotor
windings of an induction motor during
start-up

2.1. Direct online and soft starting. To illustrate the phe-
nomenon of energy release in the rotor winding during start-up
of an induction motor, the start-up of the drive system is treated
as a quasi-stationary state. The energy released in a rotor wind-
ing during start-up is expressed by the equation:
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where tR is the start-up time, s is the slip, Pr is the power re-
leased in the rotor winding, Pi is the power of the rotating �eld,
T is the torque, �s is the angular frequency of the stator �eld,
and p is the number of pole pairs. Combining (1) with the
torque equation:
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where TL is the load torque, J is the moment of inertia, and �m
is the mechanical angular speed of the rotor, we obtain:
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where s1 is the initial slip (s1 � 1), and s2 is the slip in steady
state. If during start-up we have a situation where the load
torque can be neglected (TL � 0) and s2 � 0, the energy released
in the rotor winding according to Eq. (3) reduces to:
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This is equal to the kinetic energy of masses rotating with
a synchronous angular speed �s�p. Equation (4) shows that
the energy released in the rotor in the absence of a static load
torque, given the stated assumptions, must be the same in case
of direct online start-up and soft starting. It depends only on the
moment of inertia of the rotating masses and on the �nal speed.
In effect, the temperature �eld of the motor after the comple-
tion of start-up can be expected to be similar for the two start-
up methods. When start-up takes place with a large load torque,
the second term in Eq. (3) can be depicted as the area above the
curve representing the speed of the motor as a function of time
(Fig. 1).

Fig. 1. Illustration of the second term in Eq. (3)

In the case of start-up with a static load torque, the second
term in Eq. (3) means that the energy released in the rotor wind-
ing in the soft starting case is larger than in the case of direct
online start-up, because the start-up time is longer. A higher
temperature should then be expected in the rotor. The release
of an excessive quantity of energy in the rotor winding during
start-up may lead to damage to the cage structure, as a result of
thermally induced mechanical stresses exceeding the permissi-
ble level.

2.2. VFD start-up. In variable-frequency drive (VFD) start-
up, assuming the absence of a load torque (TL � 0), and assum-
ing that the selected control method ensures a constant torque
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during start-up, the speed during start-up may be taken to vary
linearly according to the equation:

�m �
�mk

tR
t � (5)

where �mk is the steady-state speed. Hence
d�m

dt
�

�mk

tR
.

From (1), (2) and (5) we obtain:
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It can be assumed that during start-up, the linear growth in the
rotor speed �m will be accompanied by linear growth in the
angular frequency of the stator voltage �s (Fig. 2); and hence
the angular speed of the �eld relative to the rotor
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the slip s, are approximately constant. Then:
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is the kinetic energy of the rotor turn-

ing with angular speed �s�p, and s is the slip resulting from
the steady-state speed. Equation (7) implies that the energy re-
leased during VFD start-up without a load is signi�cantly lower
than the energy released during direct online start-up, given by
Eq. (4). The energy released in the rotor will also be lower in
the case of start-up subject to a load torque. Assuming that the
load torque is constant during start-up, the assumption of a lin-
ear increase in speed can be maintained. Then the value of the
second term in Eq. (3) is proportional to the area marked in
Fig. 2. Compared with the direct online case (Fig. 1), this en-
ergy is signi�cantly lower. Hence, in the case of VFD start-up,
the thermal stresses on the motor cage can be expected to be
signi�cantly smaller than with direct online start-up.

Fig. 2. Change of rotor angular speed �m and the angular speed of the
rotating �eld �s�p during VFD start-up

3. Description of experiments

3.1. Measuring stand. A block diagram of the laboratory
stand is shown in Fig. 3. Experiments were performed on an
SEE112M-4 induction motor with the characteristics given in
Table 1.

Fig. 3. Block diagram of the experimental stand

Table 1
Chosen parameters of tested motor

Parameter Value
Rated power, kW 4
Rated voltage, V 400 �
Rated frequency, Hz 50
Rated current, A 8.1
Ef�ciency, % 88.3
Power factor 0.81
Class of insulation F

The motor was loaded with a PROZc 160 SX separately ex-
cited DC generator with power 5.5 kW, which was connected to
a Mentor MP controller. The controller operated in torque con-
trol mode. The load torque characteristic was dependent on the
rotational speed of the rotor and is plotted in Fig. 4. The torque
was controlled using a DS1103 card, in which the load torque
characteristic had been programmed (Fig. 4). The load torque
control signal was then converted to an analogue signal and fed
to the input of the Mentor MP controller. An additional moment
of inertia was attached to the generator shaft.

Fig. 4. Motor load torque characteristic
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