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Resume
In this paper is presented a mathematical model of a five-phase induction 
motor with a cage rotor and a stator coils connected to a star. In constructing 
the mathematical model, It is assumed that the motor is fed from a  five-
phase frequency converter with an ideal harmonic waveform of the output 
supply voltage. It is considered that the motor operates in an open control 
loop with the ability to control the frequency and amplitude of the supply 
voltage. 
The basic voltage equations in a  two-phase coordinate system coupled to 
a stator are derived, as well as the relation for the electromagnetic moment. 
Based on the parameters measured on a real motor, a dynamic model was 
implemented in Matlab-Simulink environment. Using the dynamic model, 
various motor operating states were simulated, such as frequency ramp-up, 
speed reversal, or operation at super-nominal frequencies.
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a  power loss in one phase of a  three-phase motor 
typically leads to total failure. This makes the five-phase 
motors ideal for applications such as elevator drives 
in high-rise or medical buildings, where unexpected 
stoppages can cause serious disruption.

An additional important advantage is their higher 
efficiency compared to similarly rated three-phase 
motors [2-5].

Increasing the number of supply phases also 
increases electromagnetic torque for a motor of the same 
physical volume. This necessitates the development 
of appropriate mathematical methods to assess the 
performance benefits of five-phase machines [6-9].

Typically, the five-phase motors are powered by 
a  five-phase voltage source inverter using pulse-width 
modulation (PWM) of the output voltage. When the 
modulation frequency is sufficiently high, the output 
voltage and current waveforms of the inverter can be 
considered harmonic in nature [3, 10-11].

The inverter circuit supplying five-phase motors 
consists of five legs, each made up of series-connected 
transistors with anti-parallel freewheeling diodes, as 
shown in Figure 1.

1	 Introduction

With the evolution of power semiconductor 
converters, multiphase motors have gained increasing 
importance - most commonly five- or six-phase 
machines. Among them the five-phase motors offer 
significantly more advantages than their three- or six-
phase counterparts.

A key benefit is the reduction of stator current for the 
same power output. This results in a decreased current 
load on the converter’s semiconductor components as 
well as lower Joule losses in the stator windings. This 
advantage becomes particularly important in high-
power motor applications [1].

The five-phase motors are also known for their quiet 
operation, making them suitable for installations in 
residential buildings, hospitals, and hotels where the 
low noise levels are critical. Another benefit is their fault-
tolerant capability: they can continue operating even if 
one supply phase is lost. By appropriate phase-shifting 
the remaining supply voltages, a rotating magnetic field 
can still be produced. Although the motor operates with 
reduced power, functionality is preserved. In contrast, 
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Similarly, for the rotor windings:
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where: Rabcde and RABCDE are the resistances of the stator 
and rotor coils, respectively;
iabcde are the currents of the stator coils and  iABCDE of the 
rotor coils, respectively;
ψabcde are the linkage fluxes of the stator coils and ψABCDE 
of the rotor coils, respectively.

2	 Mathematical model of a five-phase IM

When building the mathematical model of a motor, 
one starts from the two-pole version and assumes 
a motor with a wound armature, as shown in Figure 2. 
[12-14], where: ua, ub, uc, ud, and ue are the stator supply 
voltages. uA, uB, uC, uD and uE are the rotor supply 
voltages.

The following voltage equations are valid for the 
motor stator coils:

	 (1)

; ;

; ;

.

u R i
dt
d

u R i
dt
d

u R i
dt
d

u R i
dt
d

u R i
dt
d

a a a
a

b b
b

c c c
c

d d d
d

e e e
e

b

} }

} }

}

= + = +

= + = +

= +

Figure 1 Five-phase voltage source inverter

Figure 2 Windings of a five-phase machine
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Finally, one can write the matrix equations for the 
stator and rotor linkage fluxes

.
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3	 Voltages equations transformation

The transformation of the five-phase stator 
quantities into a  two-phase system (αβxy0) is realized 
using the transformation matrix [AS]:
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The transformation of the stator voltage Equations 
(3) is realized by multiplying them by the transformation 
matrix in Equation (9) from the left as follows:
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For a symmetrical five-phase supply voltages system 
the following applies:

ux = uy = u0 = 0.

Then, the stator voltages equations in the system 
(αβxy0) take a form:
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It is assumed that both the stator and rotor winding 
coils are symmetrical, so the coil resistances will be 
identical:

Ra = Rb = Rc = Rd = Re = RS; RA = RB = RC = RD = RE = RR.

The voltage Equations (1) and (2) can by expressed 
in the matrix form:
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All the matrices in Equations (3) are column 
matrices.

For the linkage fluxes the following matrix equations 
are valid:

.L i L

L i L iabcde ABCDE

ABCDE SR abcde R ABCDE

S abcde SR}

} }

= +

= +

6
6

6
6
6
6

6
6
6
6

@
@

@
@
@
@

@
@

@
@ 	 (4)

where, [LS] is stator, [LR] rotor and [LSR] stator-rotor 
matrix of inductances.

Matrix of stator inductances takes a form:
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where, La is a  self-inductance and Lab is a  mutual 
inductance of stator windings.

Matrix of rotor inductances can be written as:
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where, LA is a  self-inductance and LAB is a  mutual 
inductance of rotor windings.

Matrix of stator-rotor mutual inductances depends 
on the rotor position:
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where [C] is a matrix of cyclic rotor position and LaA is a mutual inductance between the stator and rotor windings.
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Since in a  symmetrical voltage supply system the 
following is valid: ixs = iys = i0s = ixr = iyr = i0r = 0,

So even: ψxs = ψys = ψ0s = ψxr = ψyr = ψ0r = 0.
For the linkage magnetic fluxes one can write the 

following matrix equations:
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5 	 Electromagnetic torque equation

The equation for the electromagnetic torque of 
a  five-phase motor can be derived from the  power in 
the air gap:

.M pL i i i i2
5

sr s r s r= -b a a b^ h 	 (20)

To build a  dynamic model of the motor, one also 
needs a mechanical equation:
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where: J is the inertia moment recalculated on the 
motor shaft, Mp is the load torque.

Similarly, by multiplying the rotor voltage matrix 
equation by the transformation matrix [AS] and 
adjustment, one obtains the rotor voltage equations in 
the system (αβxy0):
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4	 Transformation of linkage magnetic fluxes

To transform the stator matrix equation of the 
linkage magnetic fluxes in Equation (8) one needs to 
multiply by the transformation matrix [AS] from the left 
as follow:
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After the solving, one obtains:
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The transformation of the rotor matrix equation is 
performed in the same way. One needs to again multiply 
the rotor matrix equation of the linkage magnetic fluxes 
in Equation (8) by the transformation matrix [AR]  from 
the left:
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After the solving, one obtains:

Transforming matrix for rotor quantities [AR] depends on the rotor position and takes a form:
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two-pole five-phase motor. The following data were used 
in the structure of the dynamic model, [11, 15]:
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The stator linkage magnetic fluxes are calculated 
based on Equations (11). However before doing that, 
one needs to transform the five-phase supply voltages 
into a  two-phase system (α,β) in block  expressed  
as 5/2:
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The rotor linkage magnetic fluxes are calculated 
based on Equations (13) (block Psr), for a  motor with 
a squirrel-cage rotor, uαr = uβr = 0.
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The stator and rotor currents components are 
calculated from matrix Equations (19):

6	 Control of the induction motor (IM)

To control the IM, classical scalar method in an 
open control loop was used. At the scalar method, 
the induction motor speed is controlled by setting the 
voltage and frequency of the stator, so that the magnetic 
field in the gap is maintained at the desired value. To 
maintain a constant magnetic field in the gap, U/f ratio 
must be constant at different motor speeds, [14].

At low speed, it is necessary to compensate the 
voltage drop across the stator resistance, therefore, the 
U/f ratio at low speed is set higher than the rated value. 
For the simulation purposes, the ratio was replaced by 
a parabolic waveform (Figure 3).

The parabolic waveform can be expressed, using the 
frequency range (-50,50) Hz and the minimum voltage 
Umin, according to the relation:

u
f

U500
46

min= + 	 (22)

7	 Induction motor model in Matlab

To investigate the dynamic properties of the motor, 
a  dynamic model was created in the Matlab-Simulink 
environment. A block diagram of the drive with a five-
phase induction motor is shown in Figure 4. The model 
was developed based on real measured values on a real 

-60 -40 -20 0 20 40 60

f (Hz) 

0

50

100

150

200

250

300

350

u
1

  (
V

) 

Figure 3 Voltage versus frequency

Figure 4 Block diagram of the five-phase IM drive
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loaded with a  constant torque of 3 Nm at a  frequency 
of 50 Hz. During the start-up, the ratio U/f is kept 
constant (Figure 3). Subsequently, the motor is started 
at a  frequency of 80 Hz. In this region, the supply 
voltage is already independent of frequency and is equal 
to the nominal value. In Figure 8, the corresponding 
values of the stator and rotor currents are shown.

Figure 9 shows the simulation results of the 
frequency reversal drive. The motor is started with 
a  load of 3 Nm at a  frequency of 50 Hz. After the 
start-up, the supply frequency is linearly changed to -50 
Hz. During the reversal, the ratio U/f is kept constant. 
Figure 10 shows the stator and rotor current waveforms 
during motor reversal, respectively.

9	 Conclusion

In the research presented in this paper, 
a  mathematical model of a  five-phase induction motor 
with a  squirrel-cage rotor and star-connected stator 
winding is developed. However, the derived equations are 
also applicable to pentagonal and pentagram connection 
systems.

Several typical dynamic states of the motor are 
demonstrated using the proposed model. The machine’s 
transient behavior is illustrated through the waveforms 
of stator and rotor phase currents, electromagnetic 
torque, and speed under various loading conditions.

The motor’s characteristics during the frequency 
ramp-up, reversal, and sudden load application, in the 
regions of constant torque and constant power operation, 
are presented.

By comparing the simulation results to waveforms 
measured on a real five-phase motor drive - previously 
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The electromagnetic torque of the motor is calculated 
based on the Equation (20).

The motor speed is calculated by integrating the 
Equation (21):

.J M M dt
1

m p~ = -^ h# 	 (27)

8	 Simulation results

Using the MATLAB simulation model of a  five-
phase induction motor, some dynamic states of the drive 
were simulated. The motor works in an open control loop 
with control of the voltage-frequency ratio.

Figure 5 shows the waveform of an electromagnetic 
torque and speed of the motor under frequency start-up 
and load change. The frequency of the supply voltage 
during start-up increases linearly from zero to a value 
of f = 50 Hz for t = 1 s. The motor is not loaded during 
a start-up. After the start-up the motor is loaded with 
a torque equal to the nominal value of the machine (mp = 
6.5 Nm). Subsequently, the load torque is reduced to the 
value of mp = 3 Nm. The corresponding stator and rotor 
current waveforms are shown in Figure 6. The rotor 
current value is recalculated to stator. 

Figure 7 shows the frequency run-up of a  motor 
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          Figure 5 Not loaded motor frequency start-up                               Figure 6 Stator and rotor phase-current
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published in [11] - it is concluded that the model 
is sufficiently accurate and suitable for investigating 
various dynamic states of the machine. Thus, the 
proposed model may be accepted as a  simulation 
model, capable of replicating the different operating 
conditions of an actual motor operating in an industrial 
environment.

The presented computer simulation model 
is effective for transient analysis of the five-phase 
induction motor. Using the SIMULINK software, each 
block of the model may be connected and modified easily. 
Some limit conditions, such as saturation of magnetic 
circuit and stator current limit, may be easily inserted 
in the function blocks.
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