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Double-Cage Induction Motors Behavior Under
Flicker Conditions
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Voltage fluctuation (Flicker) is caused by random variations in active and reactive power drawn by loads such as electric arc furnaces.

The voltage fluctuations can generate many undesirable effects on both industrial and domestic apparatus. The main purpose of

this paper is to analyze the performance of a double cage induction motor under voltage fluctuations conditions. To achieve this

goal several simulations were performed using small signal model of a double-cage induction motor. Current and speed changes in

different levels are obtained from the voltage fluctuations and flicker frequencies. Current and speed changes of motor in different

levels of the voltage fluctuations are obtained from small signal analysis. PSCAD/EMTDC tool will be applied to verify the results

of the model. A quantitative approach which uses eigenvalues of motor state matrix and participation matrix is also presented.
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I INTRODUCTION

Sensitive loads require high quality power supply. Amongst

many power quality problems, voltage fluctuations (flicker)

have gained a growing concern from utilities and consumers. It

is reported that voltage fluctuations of less than o.5% in the fre-

quency range of 5-10 Hz can cause visible lamp voltage flicker

[1].

The flicker is defined as “impression of unsteadiness of visual

sensation induced by a light stimulus whose luminance or spec-

tral distribution fluctuates with time” [1–3]. Flicker is simply

an amplitude modulated signal which is usually expressed as a

percent of the total change in voltage with respect to the aver-

age voltage over a specified time interval. The corresponding

instantaneous voltage can be expressed as:

v(t) = Vp

[

1 +
∑

m
sin(2πfmt+ ϕm)

]

cos(2πfbt) (1)

Flicker frequencies in the range of 0.05 to 35Hz can cause per-

ceptible flicker [4]. The human eye is more sensitive to the

flicker frequencies around 8.8hz [5]. Loads such as arc fur-

naces, rolling mills, welding machines which exhibit continuous

and rapid variations in their current can cause voltage fluctua-

tions. An example of low voltage loads that may produce volt-

age fluctuations, are copying machines, X-ray equipment, drives

for lifts, pumps, fans, refrigerators and electric cookers [1]. In

certain conditions, superimposed inter harmonics in the supply

voltage can lead to oscillating luminous flux. Sources of inter

harmonics include static frequency converters, sub-synchronous

converter, induction machines and arc furnaces [1, 6].

Due to load characteristics, the flicker behavior can be cyclic,
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chaotic and stochastic. However; in a short period the voltage

flicker can be approached by an amplitude modulated formula

(1) [5]. Voltage flicker reduces the lifetime degradation of the

electronic, incandescent and fluorescent lights performance. It

has been also observed that the voltage fluctuations may cause

small speed changes in electrical motors which lead to vari-

ations in final quality of products [1, 2]. The voltage flicker

sources and mitigation methods can be found in [7].

However, being the induction motor is the most popular equip-

ment in the industry, it is very important to carry out studies

about the effects of voltage flicker on the behavior of the three

phase induction motors. Only a few works have been presented

on the same topic. One of them has been done in [8–10] us-

ing small signal model to evaluate the behavior of the induction

motor to regular fluctuations in the terminal voltage. Objective

of these papers, is examining the dynamic behavior of induction

motors at flicker conditions. Another paper with this topic is

[11] which covered the induction motor behavior when the mo-

tors are tested by superimposing a second frequency component.

Other papers relevant to this article are [12]and [13] where an

experimental analysis was applied to evaluate the effects of rect-

angular voltage amplitude modulations on three phase induction

motor behavior. Also reference [14] addresses this problem by

emphasizing on several simulations which were performed by

using the EMTP/ATP tool. In the work, the effects of voltage

fluctuations over efficiency and other characteristics of induc-

tion motors in steady state mode of operation are investigated.

In all of the cited papers, single cage induction motors have been

studied. In fact, it is well-known that the double-cage model of

the induction motors must be used to study the behavior of high

power motors.

This paper presents the influence of voltage fluctuations on the

dynamic behavior of double cage induction motors. Small sig-

nal analysis is used to examine the dependency of motor behav-

ior on the frequency of voltage fluctuations and induction mo-

tors parameters. Also, this method is implemented for modeling
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the voltage flicker and induction motors. PSCAD/EMTDC soft-

ware is also used to validate the model.

The rest of the paper is organized as follows. In section 2 fun-

damental concepts of small signal modeling of double cage in-

duction motors and voltage fluctuations are presented. Model

validation is presented in section 3. In section 4 a quantitative

approach is described and finally conclusions are noted in sec-

tion 5.

II SMALL SIGNAL MODEL

Small signal analysis using linear techniques provides valuable

information about the inherent dynamic characteristics of the

induction machine. In this model the effects of magnetic

saturation, eddy current, and slotting are neglected [15].

On the other hand, disturbances are considered to be small.

Therefore the equations that describe the resulting response

of the induction machine can be linearized for the purpose of

analysis. The voltage fluctuation is a small perturbation that

superimposed on the fundamental voltage. This fluctuation is

generally considered sufficiently small linearization of system

equations. Suitable and small signal model for the analysis of a

double-cage induction motor behavior subjected to the regular

voltage fluctuations will be presented.

A Double-Cage Induction Motors

Due to its rugged configuration and versatility, the induction

motor is the most widely used equipment in industrial envi-

ronments to perform a set of tasks where mechanical power is

needed. Double-cage model of the induction motors should be

used to analyze the behavior of high power motors.

Double-cage type induction motors can be modeled with a

single-cage model. Deep and narrow rotor bars can be taken

into account with this model because they have torque-speed

characteristics which are similar to those of a double-cage rotor.

Reference [15] illustrates a way that present the equivalent cir-

cuit of a double cage induction motor with a single rotor. The

equivalent circuit of a double-cage induction motor (i.e. with

two rotor bars) is shown in Fig. 11. The model may be repre-

sented by an equivalent single rotor circuit as shown in Fig. 22,

with slip-dependent rotor parameters:

Rr (s) = Rr0

m2 +ms2R1/R2

m2 + s2

Xr (s) = X1 +
Rr0(mR1/R2)

m2 + s2

(2)

where

Rr0 =
R1R2

R1 +R2

m =
R1 +R2

X2

(3)

Based on Fig. 2, Small-signal models in (4) and (7) can be

used to analyze the behavior of a double-cage induction motor.

Appendix A gives obtaining details of these two equations.

∆v =
[

G(p) Ψ0

]

[

∆Ψ

∆ωr

]

(4)

Figure 1: Equivalent circuit of an induction motor with a double-cage

rotor.

Figure 2: Equivalent single rotor circuit representation of a motor with

a double-cage rotor.

in which p is differential operator (d/dt). Also, other vectors

and matrix are:

∆v =
[

∆vds ∆vqs ∆vdr ∆vqr
]T

Ψ0 =
[

ψds0 ψqs0 ψdr0 ψdr0

]T

∆Ψ =
[

∆ψds ∆ψqs ∆ψdr ∆ψdr

]T

G (p)=



















gr(p) −1
−RsLm

D
0

1 gr(p) 0
−RsLm

D
−RrLm

D
0 gs(p) −s0

0
−RrLm

D
s0 gs(p)



















(5)

where s0, gr(p) and gs(p) in these relation are:

s0 =
ωb − ωr

ωb

gr(p) =
RsLrr

D
+

1

ωb

p

gs(p) =
RsLss

D
+

1

ωb

p

(6)

Moreover, the small signal of torque balance relation is:

∆Te −∆TL = 2Hωb

d

dt
∆ωr (7)

Machine variables in Appendix A are expressed as per unit

quantities using the following base values [16]:

Vbase: Line to neutral peak voltage
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Ibase: Peak line current

Linearized voltage equations and the torque-speed relationship

describe the small-signal model of a double-cage three phase in-

duction motor that drives a fan-type load and can be expressed

in state space form as ẋ = Ax+Bu.

B Voltage Fluctuations

In flicker studies it can be assumed that applied voltage is a si-

nusoidal amplitude modulated signal. In this case sinusoidal

superimposed on the fundamental voltage are assumed to be the

fluctuating components. With one modulation frequency, the

line to neutral voltage of phase “a” is defined as:

va(t) = Vp [1 + k sin (ωmt)] cos(ωbt) (8)

The other phases can be expressed in the same way except which

the phase angle of fundamental frequencies in the other two

phases should be modified by -120 and +120, respectively. The

three phase voltages can be transformed into d-q frame to obtain

∆vds, ∆vqs. These excursions expressed as per unit quantities

are given by:

∆vds = 0
∆vqs = ksin(ωmt)

(9)

C Model Implementation

Matlab software is used to analyze the small signal model to

facilitate calculations. Also a 630 kW double cage induction

motor that drives a fan type load is considered for simulation.

Motor ratings and its parameters are given in Appendix “B [15].

It is assumed that the induction motor operates at its rated power

and the modulating depth (k) is equal to 0.05.

Figs. 3 and 4 show the variations of speed fluctuations and stator

current perturbation, respectively for a 10 Hz amplitude modu-

lation frequency. As it can be seen, although the amplitude of

speed fluctuations is relatively small, it has a strong influence

on the stator current. So, through the simulations carried out,

it has been noted that the variations of speed fluctuations can

be ignored. But total fluctuating current should be considered.

The further conclusion is that voltage fluctuations are reflected

in speed oscillations with the same signal modulation frequency.

III MODEL VALIDATION

In order to obtain a broader understanding and small-signal

model validation, the large-signal simulations can be carried

out. The number of suitable tools for transient analysis is

increasing during the last few years. Among these tools we can

mention the well known ones as Electro Magnetic Transients

Program (EMTP), Electromagnetic Time Domain Transient

(PSCAD/EMTDC), MATLAB-SIMULINK, etc. In this work

we have used the (PSCAD/EMTDC) program [17], allowing

the implementation of the model and the application of power

quality disturbances and subsequent analysis of effects.

The integration step of 0.001s (account for the delay in rms

calculation in PSCAD/EMTDC) is used to validate results of

transient simulations in PSCAD/EMTDC. The model consists

of a double-cage induction motor (the parameters of the motor

Figure 3: Speed fluctuations for fm = 10hz and k = 0.05

Figure 4: Stator current perturbations for fm = 10hz and k = 0.05

Figure 5: Double cage IM connected to a voltage flicker generator

are given in Appendix “B”) which connected to the PCC bus

(as shown in Fig. 5). A flicker generator is also connected to

the PCC in order to simulate the voltage fluctuations. Classical

transient simulations with full dynamic models of IMs are

performed in software to observe the motor transient response

under voltage fluctuations conditions. In order to obtain the

stator current perturbations from PSCAD simulation, the stator

current in the presence of voltage fluctuations subtracted from
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Figure 6: Stator current perturbations for fm = 15 hz and k = 0.05

the stator current in the absence of that signal (normal state).

The results have been shown in Fig. 6. In this figure, the stator

currents are obtained from the PSCAD simulations and the

small signal model and difference of these currents is small.

IV QUANTITATIVE EXPLANATION

To examine how the induction motor speed changes with respect

to frequency of voltage fluctuations, the flicker frequency was

changed between 2 to 40 Hz (covering the perceptible flicker

frequency range) and speed variations of the induction motor

was evaluated. Fig. 7 shows the peak values of speed changes

against flicker frequency. The figure indicates that the speed

fluctuations are varied with respect to flicker frequency and its

maximum peak value occurs at 7.95 Hz.

Fig. 8 shows the motor speed fluctuations against modulating

depth in 3 different flicker frequencies. As it can be seen, the

most severe speed fluctuations occur for the lower frequency

(fm = 8hz) and it increases with increasing the modulation

depth. For fm = 15hz and 25hz, the speed fluctuations are rel-

atively small and there is a slight increase in speed fluctuations

with increasing the modulation depth.

In order to give a quantitative explanation to the speed fluc-

tuations response, the eigenvalues of the system (motor) state

matrix are calculated. These values are as follows:

λ1,2 = (−0.0449± j3.1405)× 102

ωd = 3.1405× 102 ⇒ f = 50Hz, ξ = 0.0141
λ3,4 = (−0.0608± j0.4959)× 102

ωd = 0.4959× 102 ⇒ f = 7.95, ξ = 0.3214
λ5 = −0.0791× 102

(10)

where ξ is damping ratio and ωd is the undamped natural fre-

quency. As it can be seen, one of the natural frequencies is

equal to 7.95hz. Applying voltage with this frequency makes

maximum speed fluctuations. In fact, when the induction motor

is excited by one of the natural frequencies, it reaches to reso-

nance condition and will have the maximum speed fluctuations.

Figure 7: Peak value of ∆ωr versus flicker frequency

Figure 8: Peak value of ∆ωr vversus modulation amplitude

The participation matrix can be used [9, 15] to find which vari-

able state have a higher influence on the fluctuating mode (cor-

responding to eigenvalues λ3 and λ4). The participation matrix

is very useful in small signal analysis. The absolute value of

participation factors reveals which parameters are involved in a

particular eigenvalue. The participation matrix of the motor is

equal to:

λ1 λ2 λ3 λ4 λ5

P=













0.5002 0.5002 0.0001 0.0001 0.0004
0.5002 0.5002 0.0011 0.0011 0.0000
0.0002 0.0002 0.4998 0.4998 0.0017
0.0002 0.0002 0.0038 0.0038 0.9973
0.0002 0.0002 0.5000 0.5000 0.0013













∆ψds

∆ψqs

∆ψdr

∆ψqr

∆ω

(11)

Above mentioned matrix indicate that ∆ψqr and ∆ω have high

participation in the fluctuating mode corresponding to 7.95 Hz

frequency. By analyzing the participation matrix it can been

seen that ∆psidr, ∆psiqs and ∆psidr have a high participation

in the fluctuating mode corresponding to 50 Hz frequency and
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Figure 9: peak value of speed fluctuations versus slip

Figure 10: Resonance frequency versus slip

∆psidr has a higher influence on λ5.

As eigenvalues of the state matrix are dependent to machine pa-

rameters, it was expected that the slip variations may lead to

eigenvalues changes. Hence, the peak value of speed fluctua-

tions changes and occurs at different frequency with slip vari-

ations. In order to verify this, the slip value was changed be-

tween nominal to pull-out values (covering the perceptible slip

range) and speed fluctuations were obtained. Fig. 9 shows the

peak value of speed fluctuations with respect to different slip

values. Finally, Fig. 10 shows the resonance frequency against

slip changes. As it can be seen, the resonance frequency de-

creases when the slip increases.

V CONCLUSIONS

The increasing level of power quality disturbances has consid-

erable effects on the behavior of electric machines, their loads

and also lifetime with the respect to the economic consequences.

Voltage fluctuation is a type of power quality problem which

occurs regularly in power systems and its consequences can be

very adverse. In this paper, behavior of a double-cage induc-

tion motor under regular voltage fluctuations conditions was an-

alyzed by using small signal model. The results show that the in-

duction motor is sensitive to voltage fluctuations within certain

amplitude levels and frequencies. The PSCAD/EMTDC tool

was applied to verify the performance of the proposed model.

Also an eigenvalue based method was applied to give a quanti-

tative explanation to the manner of changing the speed fluctua-

tions.

VI APPENDIX: LINEARIZED MOTOR EQUATIONS

The per unit voltage equations for an induction motor operat-

ing at steady state balanced condition can be expressed in syn-

chronously rotating reference frame as follows [16]:

vds = Rsids − ψqs +
1

ωb

ψ̇ds

vqs = Rsiqs + ψds +
1

ωb

ψ̇qs

vdr = Rridr − sψqr +
1

ωb

ψ̇dr

vqr = Rriqr + sψdr +
1

ωb

ψ̇qr

(A-1)

The relations between flux linkages and currents are given by:

ids =
1

D
(Lrrψds − Lmψdr)

idr =
1

D
(−Lmψds + Lssψdr)

iqs =
1

D
(Lrrψqs − Lmψqr)

iqr =
1

D
(−Lmψqs + Lssψqr)

(A-2)

where:

Lss = laa + Lm

Lrr = LAA + Lm

D = LssLrr − Lm
2

(A-3)

The equations of motion of an induction motor can be described

by rotational inertia equation which shows the effect of unbal-

ance between the electromagnetic torque and the mechanical

torque of motor as follow:

Te =
2H

ωb

ω̇r + TL (A-4)

The air gap and load torques vary with speed. A commonly used

expression for the load torque is:

Te =
LM

D
(ψdrψqs − ψqrψds)

TL = T0ωr
m

(A-5)

From (A-4) and (A-5), we have:

LM

D
(ψdrψqs − ψqrψds) =

2H

ωb

ω̇r + T0ωr
m (A-6)
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Equations (A-1) to (A-6) can be linearized around an operating

point. The linearized of voltage equations are given in (4). Us-

ing (A-5) and (A-6), the electromagnetic torque can be obtained

as follows (m = 2):

∆Te −∆TL = 2Hωb

d

dt
∆ωr (A-7)

in which

∆TL = 2T0ωr0∆ωr

∆Te =
LM

D
(ψdr0∆ψqs + ψqs0∆ψdr−

ψqr0∆ψds − ψds0∆ψqr)

(A-8)

Linearized voltage equations and the torque-speed dynamic re-

lationship given by (A-7) and (A-8), respectively, describe the

small signal model of an induction machine and can be used to

show the dynamic response of motor for small deviations from

operating point. Any set of linearly independent system vari-

ables which satisfy the equation ẋ = Ax+Bu may be used to

describe the state of an induction machine. Lets:

x =
[

∆ψds ∆ψqs ∆ψdr ∆ψqr ∆ωr

]T

u =
[

∆vds ∆vqs ∆vdr ∆vqr
]T (A-9)

Then we have:

A=ωb

























−RsLrr

D
1

RsLm

D
0 0

−1 −
RsLrr

D
0

RsLm

D
0

RrLm

D
0 −

RrLm

D
s0 −ψqro

0 RrLm −s0D −RrLss ψdro

−kψqro kψdro kψqso −kψdso −
T0ωro

Hωb

























(A-10)

and

B =









1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0









T

k =
Lm

2Hωb

(A-11)

These equations form a minimal set of dynamic variables along

with the inputs to the system and provide a complete description

of the induction motor behavior. A complete overview of induc-

tion machine behavior when the machine experiences voltage

fluctuations is presented and the main advantage of small signal

modeling of induction machine is illustrated. Finally, the pa-

rameters of the proposed system and the main symbols of the

paper are shown in Tables A-1 and A-2, respectively.
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