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This study investigates the dynamic performance of a three-phase induction motor across stationary,
rotor, and synchronous reference frames. It evaluates torque-speed characteristics under balanced
and unbalanced supply voltage conditions to identify the most appropriate reference frame for
simulation in scenarios involving voltage imbalances. The analysis employs park's transformation to
simplify the modelling process, with simulations conducted in MATLAB/Simulink. Flux linkage
equations derived from the motor parametric voltage equations are integrated into an embedded
MATLAB functions to model the motor's dynamic behaviour. Results reveal that the synchronous
reference frame is optimal for balanced conditions, the rotor frame for unbalanced stator voltages,
and the stationary frame for unbalanced rotor voltages. Torque-speed profiles remain consistent
across frames under balanced voltages, highlighting the robustness of the d-q transformation
modelling approach.
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1. Introduction

Extensive research has been carried out on the
behaviour of induction motors under balanced
supply conditions; however, in real-world conditions,
voltage imbalances often occur due to line faults or
irregularities in the supply. To make analysis easier,
d-q transformation is used because it simplifies
three-phase systems [1], [2], [3]. Dynamic
modelling can be performed in stationary, rotor, or
synchronous reference frames, depending on
voltage variations and system parameters [4], [5].
Different software are often employed tools to
facilitate these simulations [6], [7], with
MATLAB/Simulink being particularly effective for
analysing electrical machines and drives systems
[8]1, [9]. This paper describes a dynamic d-q model
of a three-phase induction motor in state space
form and its simulation in MATLAB/Simulink
program, [2], [9] to analyze the motor behaviour
through mathematical models in different reference
frames, evaluating torque and speed responses
under both balanced and unbalanced voltages.

2. Mathematical Modelling of
the Induction Motor

The induction machine's d-q equivalent circuit is
shown in Fig. 1. The model based on this equivalent
circuit is Krause’s model, detailed in [1], [8]. The
induction machine is modelled using Park's
transformation to convert a-b-c-phase variables into
the d-q reference frame. According to Krause's
model, the modelling equations in flux linkage form
are as shown below.
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Figure 1: d-q equivalent circuit of an induction
machine
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When a squirrel cage induction machine is
considered as in this study, vq, and vq, in equations

(3) and (4) are set to zero. Consequently, equations
(5) and (6) are incorporated into (1 - 4), and like
terms are grouped to arrange the equations in state
space form[8], [10], [11]. This ensures that each
state derivative depends solely on other state
variables and model inputs. The equations (1 - 4)
for a squirrel cage induction motor in state space
then become.
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3. D-Q Transformation of
Three-Phase Induction Motor

In a balanced three-phase circuit, the application of
the d-q transformation converts the three AC
quantities into two DC quantities [4], [12], [13].
The steps involved in achieving the d-q
transformation are Clarke’s and Park’s
transformations. The three-phase voltages, which
vary over time along the a, b, and c axes, are
mathematically transformed into two voltages that

Int J Engg Mgmt Res 2025;15(6) 11



Salihu J, et al. Comparative Analysis of Induction Machine Performance

vary over time along the a and B axes, according to
Clarke, using the transformation matrix in equation
(15) [4], [14]. The inverse transformation, which
enables the three-phase quantities to be obtained
from the two-phase quantities, can be performed
using the transformation matrix in equation (16).
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Park’s transformation converts quantities from the
two-axis orthogonal stationary reference frame into
the rotating frame using the transformation matrix
in equation (17). Additionally, transforming the two-
phase rotating quantities to a two-phase stationary
frame can be achieved with the transformation
matrix in equation (18).
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Balanced voltage equation in the abc reference
frame is as follows:

V, = WV cos(wt) (1%)
Vy = ¥y cos(awt + 2mf) (20)
V. =V, cos(wt — 2mf) (21)

While an unbalanced voltage condition in the abc
reference frame is as follows:

V, = ¥V, cosfwt) (22
V, = 2V, cos(wt + 2rf) 23)
V. = ¥ cos(wt — 2af) 24)

4. Flux Linkage Equations in
Various Reference Frames

The d-q axis speed of rotation, w, is substituted into
the voltage equations, and certain simplifications
occur when the transformation angle 6 is adjusted
per frame to be one of the following three angles:

4.1 Stationary Reference Frame

In the stationary reference frame, the d-q axis
remains non-rotating,

with the speed matching that of the stator, therefore
we = 0, and 6 = 0. By substituting w, = 0 into
equation (11 - 14), and 8 = 0 into equation (17),
we derive the following equations.
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4.2 Synchronous Reference Frame

The synchronous reference frame occurs when the
d-q axis rotates at synchronous speed, with w, = wqg

and 8 = 64. At this point, 8 = wg. Therefore,
substituting wg into equations (11-14) results in
equations (29-32).
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4.3 Rotor Reference Frame

The rotor reference frame occurs when the d-q axis
rotates at the rotor speed, i.e., we = w, and

additionally, the d-axis aligns with the rotor phase A
axis. Therefore, substituting we, = w, in equations

(11 - 14) results in equations (33 - 36).

= _ o — Bo (Xt Xt 4y 33
Fraal el [Lq._g hJL.FdS + Ih( . For + 1 s lleq.S::l] (33)

Tl = wp [vas + LRy + (B Far + - DFs)] G4
d:'r = wy [f—l (Efqu + :'%Ihl —1)F, )] (35)
T = wp [ (FFas + G- DRy, )| (36)

So far, the flux linkage equations for three reference
frames have been introduced. The electrical torque
is described by equation (37), which remains
independent of the reference frame. The mechanical
motion is outlined by equation (38).

3 p. 1 . - -
TP = EI:'?__IU—DI:FI:SEI;S _Fqstds,' (J-I}

“i_ ¢—.¢r (38)
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5. Presentation of Results

The induction motor used in this simulation is a 7.5
kW, 460V, 50Hz asynchronous motor with the
parameters listed in Table 1 below. To assess the
three-phase induction motor across various
reference frames under both balanced and
unbalanced supply conditions, [15], [16], [17],
[18], namely, abc currents (iag, inss icss farr ibrr icrs)
and the d-q axis currents (igs, igs, idr/ igr), @s well as

the speed-torque characteristics, the equations of
IV were employed. The induction motor was
simulated using the Simulink induction motor model
shown in Figure 2, from which the results were
derived.

Table 1: Induction motor parameters

Rated power, P 7.5 kW
Line Voltage, VL 460 v
Rated speed, N 1500 rpm
Rr 0.05837 Q@
Rs 0.09961 Q
Lm 0.030390 H
LIs 0.000867 H
Lir 0.000867 H

0.400000 kgm2

Phase voltage, V VL/V3 v

P 4

ITL 49.73 Nm
50Hz

Vas

Ves

Voltage Source

i‘ n " o PEI

T

h 4

Figure 2: Induction Motor in Synchronous
Reference Frame

5.1 Simulation Results and Analysis

The Simulink model of the induction motor, as
shown in Fig. 2, was simulated in the
MATLAB/Simulink environment.

The results are presented in graphical form through
various diagrams. These results include the “abc”-
phase stator and rotor currents (ias, ibs, ics, iar, ibr,
icr), d-g axis stator and rotor currents (ids, igs, idr,
igr), and torque-speed profiles under balanced and
unbalanced voltage conditions across different
reference frames. Table 2 below shows the time for
the various quantities (i.e., current, torque and
speed) to rise to their maximum value and to attain
stability.

Table 2: Time for current, torque and speed to rise
to their maximum value and to attain stability

Current (A) 679 0.009 30 0.49
[Torque 472 0.034 0 0.49
(Nm)

Speed 328 0.354 312 0.49
(rad/s)

5.2 Frames of Reference

Figures illustrate the start-up characteristics at no
load across each of the three reference frames. The
electrical torque (Fig. 3) shows initial 50Hz
oscillations, until full speed was attained at 0.49
seconds. The load added at 0.65 seconds, caused
the torque and speed to have fluctuated until about
0.75 seconds to attain stability. Although the
behaviour of the physical variables in each reference
frame is identical, the d-q axis variables in each
respective frame differ.

It is worth noting that the torque and speed
equations from equations (37) and (38) do not
depend on the speed in all three frames of
reference. Therefore, the graphs of speed, torque,
and speed versus torque in the rotor, stationary, and
synchronous reference frames remain unchanged,
as shown in fig. 3, 4, and 5 below.

Elsctricnl Tergus (Ta}
T T T

Togue Mm)

4 a8 o
Tima sesconds)

Figure 3: Graph of Electromagnetic torque against
time
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Tirs (nmcnnue)

Figure 4: Graph of speed against time

Figure 5: Graph of torque against rotor speed
5.3 Rotor Reference Frame
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Figure 6: Phase A and d-axis stator current in rotor
reference frame
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Figure 7: Phase A and d-axis rotor currents in the
rotor reference frame

In the rotor reference frame, we = wr, and the
direct axis of the reference moves at the same
relative speed as the rotor phase A winding,
coinciding with its axis. Therefore, the d-axis and
phase A currents are identical, as shown in Fig. 6
and 7 above.

5.4 Stationary Reference Frame

Phame A stator curent

P ||||||||||||||||||||||||||”||.“|,\,un
= l l"l |L|| ||”|
*ime (saconde)
|JI-|IJH.'n slaior curmamnt
3-" |||||l||| ||| ||| ||||n|f'||.n N PO U S S U SN
g ||| |ll||||| [

800

o o [E) [ 0.8 0.8 or o8 Y] '
Time (seconds)

Figure 8: Phase A and d-axis stator currents in the
stationary reference frame
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Figure 9: Phase A and d-axis rotor currents in the
stationary reference frame

In this reference frame, we = zero, and the d-axis is

aligned with the axis of the stator phase A winding,
making them coincident. This means that the
variables of the stator d-axis in this reference frame
will behave the same way as the physical stator
phase A variables of the motor. Figures 8 and 9
above illustrate the identical nature of the stator
phase A current and the stator d-axis current.

5.5 Synchronous Reference Frame
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Figure 10: Phase A and d-axis stator currents in
the synchronous reference frame
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Figure 11: Phase A and d-axis rotor currents in the
synchronous reference frame

When the reference frame rotates at the
synchronous speed, both the stator and rotor are
spinning at different speeds relative to it. The stator
spins at the machine's rated frequency, while the
rotor turns at its equivalent slip frequency. The d-q
axis currents in this reference frame are entirely
different for the stator and rotor Phase A currents,
as shown in Figures 10 and 11 above.

5.6 Speed Under Balanced and Unbalanced
Voltage Conditions

Graph of speed against time
L -

A
e

Rofor speed (rad's)
i ¥

Time {seconds)

Figure 12: Graph of speed against time under
balanced and unbalanced voltage conditions
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Figure 13: Graph of torque against time under
balanced and unbalanced voltage conditions

The speed torque equations in the various reference
frames demonstrate that, under unbalanced
magnitude and phase of the supply voltage,

a negative sequence component is created that
produces a reverse magnetic field, resulting in
increased losses, torque pulsations, and reduced
efficiency. Overall, the impact of unbalanced voltage
on the performance of the induction motor in the
three frames of reference includes increased losses
and heating, reduced efficiency, and torque
pulsations, which can lead to increased noise and
vibration, as well as a reduced motor lifespan.

The comparative analysis of the induction machine
in the stationary, rotor, and synchronous reference
frames, uncovers definite strengths, especially when
dealing with balanced and unbalanced voltage
conditions. With a balanced voltage condition, the
torque versus speed curves look identical no matter
the frame of reference, as the electromagnetic
torque settles steadily around 49.73 Nm and the
rotor speed reaches 1500 rpm in just 0.49 seconds
under no-load conditions. Then, at 0.65 seconds,
adding a load triggers small ripples in both metrics,
as illustrated in Figures 3 - 5.

Conversely, under unbalanced stator voltages (e.g.,
50 percent reduction in phase B magnitude), the
rotor reference frame performs better by reducing
torque pulsations to £5 Nm, and speed dips to 2%
below nominal value, compared to torque pulsation
of £15 Nm and speed dips of 5 - 7% in the
stationary and synchronous reference frames,
respectively as evidenced in Figures 12 - 13. This is
owing to its alignment with rotor dynamics that
inherently decouples unbalanced voltage condition-
induced negative-sequence effects. Overall, these
reference frame-specific behaviours highlights the
d-q transformation's versatility.

6. Conclusion

This study analyses the dynamic performance of a
three-phase induction motor using the d-q
transformation in rotor, stationary, and synchronous
reference frames, with a particular focus on torque-
speed behaviour under both balanced and
unbalanced voltage supplies. A flux-linkage-based
modelling approach simplifies MATLAB/Simulink
simulations. The study's results also indicate that
the synchronous reference frame is best suited for
balanced voltage conditions. In contrast, the rotor
reference frame is suitable for unbalanced stator
voltages, and the stationary reference frame is most
ideal for unbalanced rotor voltages. Torque-speed
characteristics are invariant across frames under
balanced voltage conditions,

Int J Engg Mgmt Res 2025;15(6) 15
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underscoring the efficacy of the d-q method. Future
work may extend to fault-tolerant control strategies.
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