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Abstract: A 37.3 kW single-cage motor has been modelled and then upgraded to a double-cage rotor via modelling. The objective
was to enhance the steady-state and transient performance with respect to current, torque, and speed against time when the load
torque changes from 0 to 10 Nm using double-cage rotor. The transient characteristics of the machine was demonstrated for no-
load, half load, and full load. The simulation revealed that with double-cage rotor, the magnitude of the starting current was reduced
while the starting torque was increased under all loading conditions. When a load change of 50% to 100% occurred for load torque
of 10 Nm, it was clearly observed that the dynamic of single cage did not adequately fit the electromagnetic torque-speed curve
within the 3 s simulation time frame. The simulation time was increased to 10 s as shown by the variation of speed over the range of
0 to 1500 rpm, indicating that only double cage can fit into the curve very well. The analysis indicated that the addition of inner cage
has resulted in higher torque and lower resistances during the starting of the motor and improved the transient response time in

terms of induction motor’s starting performance.
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1. INTRODUCTION

The conventional single cage induction motor has been
widely used in many industrial processes, however its
performance suffers from the problem of high starting current
and low starting torque, which reduces the running efficiency
of motor [1]. As a result of this, the motor in single cage
arrangement is not suitable for direct-on-line starting and not
useful for starting under heavy load conditions. In addition,
there is little evaluation regarding the operation of a motor
within safe limit without exceeding the temperature based on
the temperature of the rotor. Thus, considering these
disadvantages of starting, running and braking under specific
conditions inherent in single cage rotor, this paper attempts to
address the limitation of fixed torque associated with the
constant rotor resistance of a squirrel cage induction machine
and the high current surge at start-up that results in reduced
running or transient performance efficiency, using double-cage
configuration.

The double-cage induction machine can be produced in
large numbers in small and large sizes because of its robust
construction. With double cage configuration, there is no need
maintaining slip rings and brushes, the use of direct-on-line
(DOL) starter to start of motor is possible, it is applied when
starting under heavy load conditions, and provides good
efficiency during running (i.e. transient state) conditions.

There are several researches regarding double cage
induction modelling and parameter estimation that studies

system performance characteristics. The output characteristics
of both single cage and double cage machine have been
determined using hybrid simulated annealing-evaporating rate
water cycle algorithm (SA-ERWCA) based on their equivalent
circuit parameter estimation [2]. The performance of standard
induction motor was improved using dual-rotor permanent
magnet induction motor (DRPMIM) whose model was
established as a two-dimensional finite element model using
Maxwell Ansoft software [3]. In order to meet the function of
differential mechanism and vehicle drive, electromagnetic
differential model of double-rotor induction motor was
designed [4]. Parameter estimation using measured resistance
and reactance at different frequencies was carried out for
squirrel cage induction motor in terms of single-cage model
and double-cage model using a phase-to-phase standstill
variable frequency test [5]. Dynamic modelling of a series of
induction motors squirrel cage with different shapes of rotor
deep bars taking into considering the skin effect, with the study
showing that double cage motor has the advantage of operating
with lower speed due to non-existent unstable region [6]. The
magnetic field distribution, electromagnetic performances and
equivalent circuit parameters of multiphase double cage rotor
inductions in healthy and broken bars condition have been
evaluated using analytical method [7]. The advantage of
double cage motor over single cage motor in terms of torque-
speed and stator current-speed was investigated [8]. The speed
control of double cage rotor induction motor for hybrid vehicle
was carried out using field oriented vector control [9].
Similarly, indirect vector control of double cage machine was
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presented [10]. Analytical method for predicting the transient
behaviour of squirrel cage induction motors subjected to
pulsating mechanical loads such as a reciprocating compressor
was developed [11]. Simulations of induction motors in static
and dynamic conditions based on the transient behaviour of the
machine was shown through the current, electromagnetic
torque, electromagnetic torque versus speed, and speed under
no-load, half-load (50%), and full-load (100%) conditions
[12].

The ideal conditions for starting induction motors require
the following: good supply regulation with low inrush currents,
a high starting torque to accelerate the load to its stable
operating speed, and a high factor to limit the wattage power
for a given load requirement [13]. Hence, the advantage of
double-cage rotor over single-cage rotor in providing
improved starting torque with reduced starting current is
leveraged in this paper by examining the transient behaviour
of 37.3 kW induction motor via simulation.

2. MATHEMATICAL MODELLING OF DOUBLE CAGE MOTOR

In order to carry out the mathematical modelling of
induction motor in this work, the following is worthy of note:
the chosen state variable is the flux linkage. It has been chosen
because it provides more stability with the same integration
time step in the digital simulation of induction motor model
[14], the concept of a rotating d-q field reference (without
saturation) assumed for developing induction machine model
[15], and the modelling of the double-cage induction machines
is carried out using Park transformation in a fixed reference
direct axis and quadrature axis (d-q reference frame).

The mathematical derivation of the equations representing the
dynamics of double-cage induction machine is performed in a
way closely similar to d-q reference frame model of the
single-cage induction machine. The addition of second cage
results in the rotor being described with four differential
equations in the d-q reference axis. The equivalent circuits for
the d-axis and g-axis are shown in Fig. 1 and Fig. 2 and are
used to derive the mathematical model. Thus, the double-cage
induction machine can be analysed in d-q reference axis by
adopting the generalized theory of electrical machines [10].

Fig. 1. Equivalent circuit of double-cage induction machine
in d-reference axis

oy
=
=
<

Fig. 2. Equivalent circuit of double-cage induction machine
in g-reference axis

From Figures 1 and 2, it is assumed that for the double-
cage induction machine, the rotor bars are short circuited and

thus rotor voltages, Vi , g, Vgrp » @nd vy, , are equal to zero.

Hence, the d-axis and g-axis voltages of the stator and rotor
sides are given by:

Vgs = Ryigs +0@qgs +dog /dt 1)
Vgs = Rgigs — 0@gs +dpgs /dt @)
0= R’rliar1 +(O—®, )Py +d(par1/dt @3)
0=Rhig —(0— )@y +dog, /dt (4)
0=Rig; + (0= )@y, +dey, /dt (5)
0 = Rizigr, — (@— 0 ), +doy,, /dt (6)

The magnetizing flux linkages are defined for the double-
cage induction machine by the following equations:

®gs = Lisigs + L ligs + i +igea @)
®as = Lusics + Lon ligs + s +inz ) 8)
Gart = Lintigrs + L (igs + e +ir2 )
Oarz = Lirzigrz + L ligs + it +inez) (10)
(P‘drl = |—'||1i Idrl + Lm(ids + i'drl + ildrz) (11)
‘P'drz = |—I|r2ildr2 + Lm(ids + i‘drl +ildr2) (12)

The mutual flux linkage between the stator and outer cage,
the stator and inner cage, and between the outer cage and inner
cage can be expressed in terms of the mutual inductance L,
given by:

Pgm =Lm iqs + iqu +iqr2)
(13)
Pgm =L ids + idrl + idr2
(14)
Equations (1) to (14) describe the dynamics of the double-
cage induction machine in the d-g frame.

3. SYSTEM MODEL

In this section, the proposed block diagram of the dynamic
model for double cage motor is presented in terms of double
cage flux and voltage equations. The physical machine consists
of a stationary part (stator) and a rotating part (rotor), both with
their own reference frame. Thus, proposed block diagram of
double-cage model is shown in Fig. 3.
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Fig. 3 Proposed block diagram of double-cage model

Considering the block diagram in Fig. 3, the following
mechanical equations representing the dynamic model of the
motor are derived. The mechanical rotation speed given by:

0=Rpi, +9p,
(22)

:1
> n = o
P —
P
e &%
— p fi
. l A T g —7 “m
~ O—o P} o 17 |}
B T
L " f—

The flux due to each double cage is given by:

1
on = [ (T~ Toat e

(15) (23)
The mechanical angle is given by: )

Pr2 = _IRrZIrZ dt
O = Iwm

(24)

(16)
The electromagnetic torque is given by:

3 ir = Pu _ is
Te = Ep<q’dsiqs _(quids) Lm
25
(17) @
From Figure 3.6, the stator voltage is given by: =l e
Vg :Rsis +¢’s (24)
(18) irZ — Pr2
The total stator flux is given by: Li
(25)

0s = [ (v, ~R )

(19)
The current flowing in the stator circuit is given by:

i = Ps =P

==

I—Is

(20)
The outer and inner-cage rotor voltages are given by:
0=Ruiy +n

(thatisR,,, Lyy)-

Table 1: Motor Parameters

The currents flowing in the rotor circuit can be expressed by:

Equations (15) to (25) were obtained from the proposed
block diagram of the dynamic model shown in Fig. 3. It should
be noted that the block diagram in Figure 3 can easily be
reduced to a single-cage model by removing the inner loops

The parameters used for the simulation carried out in
MATLAB/Simulink environment are shown in Table 1.

(21) Motor Parameter Definition

Symbol

Value

Stator resistance

Rs

35Q
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Motor Parameter Definition Symbol | Value
Stator reactance Xs 217 Q
Single cage rotor resistance R 3.16 Q
Single cage rotor reactance Xr 2.14Q
Outer cage (or cage 1)  rotor R 93Q
resistance

Outer cage (or cage 1) rotor reactance Xn 0.11Q
Inner cage (or cage 2) rotor resistance Rz 8.6 Q
Inner cage (or cage 2) rotor reactance Xr2 0.65 Q
Mutual reactance Xm 81.64 Q
Line to line voltage Vi 400V
Rotor speed ®n 1500 rpm
Moment of inertia J 0.102 Jkg.m?
Friction coefficient F 0 N.m.s
Number of poles p 2
Nominal power P 37.3 kW

Line current under no-load condition

<
H
5 ......

[

20

o D..S ; 1i5 Z
Otwe0 Time (sec)
(a)

25 3

4. RESULTS AND DISCUSSION

The machine is fed from a 400 V, 50 Hz supply. The
performance analysis of the induction machine has been
presented for has been presented in terms of single cage and
double cage regarding the transient characteristics of the stator
current (or line current), rotor current, torque, speed, and
torque versus speed during starting given that the machine is
not loaded (that is operating at no load), the machine is 50%
loaded (operating at 50% loading), and the machine is 100%
loaded (operating at full load) in steady state or constant load
case. Also, the machine transient characteristics were
examined for dynamic state when the load changes from 50%
to 100% loading assuming 5 Nm and 10 Nm load torque.

4.1 Machine at no Load

In this case, 0% load torque was assumed such that
mechanical torque T, 0 Nm was fed to machine. the simulation
results of the transient characteristics during starting assuming
no loading and with the machine configured as single cage and
double cage induction motor are presented in Fig. 4 to 8 for
line current (three-phase stator current), three-phase rotor
current (cage 1 and cage 2), electromagnetic torque,
electromagnetic torque versus speed, and speed respectively.

Lina curment ender nc-load condition
— T
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e Time (sac)
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Fig. 4. Line (stator) currents under no load: (a) single cage, (b) double cage
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Fig. 5. Rotor currents under no load: (a) single cage, (b) & (c) cage 1 and cage 2 (double cage)
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Fig. 6. Torque under no load: (a) single cage & (b) double cage

Electromagnetic torque under no-load Electromagnetic torque vs Speed under no-load (double cage)
T T T T T T T

50 T T
T Yo 1 € 40 1
z Z
g 30 1 g
& T 30 b
g 2
£ 20 . S
o
S 2 20f E
o 7]
€ 10 b c
=4 o
ot ©
£ g 10f E
£ o7 il e
o -
@ 8 of \
410 - 1 i
20 . . . . . . . 10 ) )
0 200 400 600 800 1000 1200 1400 1600 0 500 1000 1500
Speed (rpm) Speed (rpm)

(a) (b)

Fig. 7. Torque versus speed under no load: (a) single cage & (b) double cage
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Fig. 8. Motor Speed under no load: (a) single cage (b) double cage

The starting current was initially high but decreases
gradually over time as shown in Fig. 4. However, it can be
seen that during the starting of the machine, the rotor current
for the double cage was less than that of single cage. Whereas
the starting current for single cage rotor was 20.2 A as shown
in Figure 5a, for the double cage rotor as shown in Fig. 5b and
5¢, it was 10.13 A for cage 1 and cage 2 respectively. This is
because the current path through the rotor has been splinted in
double cage rotor. The electromagnetic torque of the single
cage as shown in Fig. 6a oscillates during the transient state
and the same holds in the case of the double cage in Fig. 6b,
and later the oscillation stops and then proceeds towards the
load torque. However, to counter the effect of high starting
current with low starting torque common with induction
machine, the starting electromagnetic torque in this case was
higher for the double cage compared to the single cage. That
is 42.5 Nm against 31.38 Nm, which is 35.4% increase in
starting torque. The same cycling or oscillation was evident
during the transient state with the electromagnetic torque
plotted against speed in Fig. 7. But, similar to the single cage,
the machine torques terminates at the maximum speed as the
machine rated speed (synchronous speed) because of no load
effect. Figure 8 also shows a small disturbance in the speed

Line curmant under under 50% loading (Load Torgus 5 N.m|

Current (A)

o oy L] 1.4 2 25
L Time (sec)

(a)

Fig. 9. Line (stator) currents under 50% loading: (a) single cage, (b) double cage

during start-up. This, just like the single cage, is due to the
electromagnetic torque oscillation. A steady-state speed is
reached, which is equal to the synchronous speed because the
machine is unloaded. Generally, the transient behaviour of the
double cage motor under no load is that its rise time (time to
respond) to input signal was 0.66 s, and settling time (time to
settle or reached steady state) was 0.94 s against rise time of
0.81 s and settling time of 1.09 s for single cage motor. Hence,
the double cage provides less starting rotor current than single
cage rotor and also achieve faster response time including
reaching steady-state at approximately 0.15 s faster than the
single cage rotor.

4.2 Machine at Half Load

This subsection considers a scenario where the machine is
50% loaded assuming a load torque T.=5 Nm was connected
to it. The resulting simulation plots for single cage and double
cage are presented with respect to 50% loading of the machine.
The analysis is presented for line current in Fig. 9, rotor current
in Fig. 10, electromagnetic torque in Fig. 11, electromagnetic
torque against speed in Fig. 12, and speed in Fig. 13.
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Fig. 10. Rotor currents under 50% loading: (a) single cage, (b) & (c) cage 1 and cage 2 (double cage)
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Fig. 12. Torque versus speed under 50% loading: (a) single cage & (b) double cage
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Fig. 13. Motor Speed under 50% load: (a) single cage (b) double cage

As shown in Fig. 9a to 13a, it can be seen that the machine
reached the steady-state nearly at 0.5 second later compared
with no load condition for the single cage. That is, with
connected load torque, the machine takes longer time to reach
steady state. This is expected as a result of increase in load
torque. Looking at Figures 9 and 10, the amplitude (or
magnitude) of both line current and rotor current were not
affected by the increased magnitude of the load (torque) for
single cage and double cage. Hence, it suffices to say that the
machine current is not affected by the external load and it is
only a function of the parameters of the machine [12]. As
shown in Figure 12, the torque terminates at 5 Nm and at a
speed less than the synchronous speed. In Figure 13 the
maximum speed attained is lower than with no load.

Line current under 100% loading (Load torgue = 10 N.w)

25

4.3 Machine at Full Load

Now, simulations are carried out to evaluate the steady-
state transient characteristics of the machine as single cage
rotor and as double cage rotor motor assuming 100% loading,
which is considered a 10 Nm load torque condition. In this
case, the steady-state transient characteristics of single cage
and double cage model are examined via simulation assuming
a load torque 10 N.m (full load or 100% loading). The
machine characteristic is presented in terms of line current in
Fig. 14, rotor current in Fig. 15, electromagnetic torque in Fig.
16, electromagnetic torque against speed in Fig. 17, and speed
in Fig. 18.
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Fig. 14. Line (stator) currents under 100% loading: (a) single cage, (b) double cage
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Fig. 15. Rotor currents under 100% loading: (a) single cage, (b) & (c) cage 1 and cage 2 (double cage)
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Fig. 16. Torque under 100% loading: (a) single cage & (b) double cage
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With full load scenario considered (that is 100% load
torque), it takes 1.4 s longer for the single cage motor to reach
steady-state than with 50% load torque as shown in Figure 14a
tol7a. Figure 18a revealed that the speed of the single cage
machine takes approximately 3.5 seconds to reach steady-state.
Thus, this simulation analysis revealed that the single cage
machine did not adequately fit into time response curve of the
rotor speed within the 3 s simulation-time frame.

In this case, looking at Fig. 14b, 14c, 15b, 16b, and 18b, at
full load or 100% loading (assumed as 10 Nm load torque), it
can be seen that it takes almost 0.5 second longer for the double
cage machine to reach steady-state than during 50% loading
(half load). Fig. 18b revealed that the speed of the double cage
machine takes 1.69 s to reach steady-state.

5. CONCLUSION

The simulation results have been presented for the steady-
state transient characteristics of 37.3 kW three-phase squirrel
cage induction motor considering two configurations, single
cage rotor and double cage rotor, and basically analysed for no
load, 50% loading (half load), and 100% loading (full load)
simulation scenarios. Generally, the rate of the voltage induced
in the rotor is the same as the rate of the supply at the starting
of the motor. It can be seen that the starting currents of the
double rotor windings were 10.13 A for both cage 1 and cage
2 respectively and this is less than that of the single cage rotor
winding, which was 20.2 A. This means that the single cage
rotor has more starting current than double cage rotor. The
simulation results indicated that during the starting of the
machine, the starting current was initially high but decreases
over time, and the same holds for the electromagnetic torque.
However, the machine speed increases until an optimal point.
The single cage rotor had higher starting rotor current than
double cage rotor. On the other hand, double cage rotor motor
offers better starting torque than the single cage rotor with
reduced starting current. Thus, the simulation revealed that the
double cage rotor increased the starting torque by 35.4%. In
both the single cage and double cage configurations, the
machine reached the synchronous speed under no load case.
However, under 50% loading (half load) and 100% loading
(full load), the synchronous speeds for both single cage rotor
and double cage rotor were 1463/1447 rpm and 1415/1387
rpm. This means that the speed of induction machine is
affected by increased load. In addition, the increase in load
affects the time it takes for the system to reach steady-state.
Besides, the simulations have shown that the double cage rotor
reaches steady-state transient optimal value faster than the
single cage rotor at full-load.
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