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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.
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1 Introduction

With the evolution of power semiconductor
converters, multiphase motors have gained increasing
importance - or six-phase
machines. Among them the five-phase motors offer

most commonly five-

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,

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.

© 2025 UNIVERSITY OF ZILINA

COMMUNICATIONS 27 (4) C70-C77


https://orcid.org/0000-0001-7335-8458
https://orcid.org/0000-0002-2856-2027
https://orcid.org/0000-0001-5723-0198

MODELLING OF DYNAMIC STATES

OF FIVE-PHASE INDUCTION MOTOR G

a b Y . S
+- - T3 T5 T7 T9
Kx Kz Kz Kz K x
Ue C— T4 T6 T8 T10 T2
Wallallla JQS La
-%) oo, ~ o, o T~ -
~a, ¥ “e3 pd s

Figure 1 Five-phase voltage source inverter

Stator

Figure 2 Windings of a five-phase machine

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: u, u,, u , u,, and u_are the stator supply
voltages. u,, u,, u, u, and u, are the rotor supply
voltages.

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

U, — qua + dd_wd, u, — R/;l./, + ddwtb;
. . . y 1
. = Rei. + Cii—zﬁ;ud = Riiqs + %; (1)
. dy.
U, = R.i, + di

Similarly, for the rotor windings:

us = Raia + %; up = Rpip + %;
Uc — Rcic + %; Up — Rnin + %; (2)
ur = Rpip + déﬁ; .

where: R, . and R,, . . are the resistances of the stator
and rotor coils, respectively;

i, re the currents of the stator coils and i,
rotor coils, respectively;

¥ 4o ar€ the linkage fluxes of the stator coils and v/

ABCDE
of the rotor coils, respectively.

of the
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It is assumed that both the stator and rotor winding
coils are symmetrical, so the coil resistances will be
identical:

R,=R,=R =R,=R =R;R,=R,=R,=R,=R,=R,.

The voltage Equations (1) and (2) can by expressed
in the matrix form:

[ M/zbr:dp] = Rs [ l‘qlz('de] + %[ wadr:dp ],
3)
[ u/\RCDF,] = R [ iAnan] + %[ W ascor ] .

All the matrices in Equations (3) are column
matrices.

For the linkage fluxes the following matrix equations
are valid:

][ l.ﬂbclie ] + [ LSR ][ iABCDE]
SR][ iﬂbL'de] + [LR][ w/\BCDE] .

[‘lﬁ/zb(:{le] = [

Ls
) (4)
[w/\R(DE] = [

where, [L,] is stator, [L,] rotor and [L,] stator-rotor
matrix of inductances.
Matrix of stator inductances takes a form:

L. Ly
L., L,
[Ls] =|Lu Lu
L Lu
Lo Lu

Lau
Ly
L,
Lau
Lu

Lau
L
L
L,
L

Lau
Lu
L
La
L,

(5)

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

Ly Lus
Lz La
[LR] =|Las Las
Las Las
Las Lag

Lag
Las
La
LAB
Las

Lag
L/\ B
LAB
La
L AB

Las
Las
LAB
LAB
La

(6)

where, L, is a self-inductance and L,, is a mutual
inductance of rotor windings.

Finally, one can write the matrix equations for the
stator and rotor linkage fluxes

[ wrzbmiy] = [Ls ][ Laede ] + Laa [ C ][ iAB(?DE]

®)
[ wABCDE] = Ln/\ [ C]i [ iah(:dr] + [LR ][ w/lBCDE ] .

3 Voltages equations transformation

The transformation of the five-phase stator
quantities into a two-phase system (ofxy0) is realized
using the transformation matrix [A]:

[As] =
00;(0) 005(277[) COS(%) cos(%) cos(g%)
sin (0) sin<2T”> cos(%r) cos(%) cos(g%)
cos (0) cos(%f) cos(lZT”> cos<¥) cos(%) . (9)
sin (0) cos(%) cos(%) COS<%) cos(zéﬁ>
1 1 1 1 1
2 2 2 2 2

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:

[As ][ Uabcde ] = Rs [ As ][ Labede ] + [As ]%[ waha[ﬂ ], (10)
where:

[As ][ Uabede ] = [ Uapo ]

[As ][ Labede ] = [ Z‘aﬁxy() ]

(A Vi) = Ll .

For a symmetrical five-phase supply voltages system
the following applies:

Then, the stator voltages equations in the system
(apxy0) take a form:

Matrix of stator-rotor mutual inductances depends %, = Rsi., + d—;“, Uy = Rty + d;l'/;ﬁ“. (11)
on the rotor position:
cos B, cos(é’,,, — 2%) cos(&w — 4T”> cos<6’m — 4%) Cos<t9m — ZT”)
cos(ﬂm - ZTH) cos @, cos(ﬁ,,, — T”) COS<(9m — 4%) cos(ﬂm — %)
[Lse] = L cos(ﬁm — 4777) cos(Hm — 2%) cos 0, cos<6'm — 2%) COS(Hm — 4777) = LalC], (7
cos(ﬁm —%T) cos(ﬂm —%) cos(Hm —%r) cos b, cos(ﬁm —ZTE)
cos(ﬁm — 2%) cos(Hm - %r) cos(@,n — 4%) cos<9m — 2%) cos b,

where [C] is a matrix of cyclic rotor position and L , is a mutual inductance between the stator and rotor windings.

COMMUNICATIONS 4/2025

VOLUME 27



MODELLING OF DYNAMIC STATES OF FIVE-PHASE INDUCTION MOTOR

(73

Transforming matrix for rotor quantities [A,] depends on the rotor position and takes a form:

cos(0) cos(H —%) cos<6’ —4%) cos<6’
sin(4,.) sm< m—%) (0 T) sm(
[Ar] = [cos(8,) cos( . T) cos(ﬁm %) cos(
sm(Hm) sin %T) sm<9m %) sm< ”
7 ? %

Similarly, by multiplying the rotor voltage matrix
equation by the transformation matrix [A(] and
adjustment, one obtains the rotor voltage equations in
the system (ofxy0):

dww + W, wﬁr
‘wﬂr

Uor = Rrler +
(13)

Upsr — RSZ‘/J;" + W, T/fm

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 [A ] from the left
as follow:

[AsllWaae ] = LA Ls et ] + Lual Al Clldancoe]. (14)

After the solving, one obtains:

Uus = Lils + Lot
Iﬁ/rs = Ly + Loip
Vo = Liis (15)
Uy = Lyl

'ﬁns = L()s l'l)s N
where:

Ls = L(z - Lab
Loo= L.+ 2Ly
L,=L,+ 3L,
L.vs =L,+ 3Ly
L.=3La.

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 [A,] from
the left:

[AR][ 1/f/mcnﬁ] = Lu [AR][C]t[Z‘almdr] +

+[AR][LR][iABCUE]- (16)

After the solving, one obtains:

67 8t
—T)MW—T)
) sin( —”)
— 18—”) COS( 247{) . (12)
— &> Sln<9m — 24”)
7 2
Vor = Lilaor + Lol
w/xr =L, i/]r' + L, i/]s
Vo = Lot an
wyr = Lyriyr
'Iﬁ()r = L(Jrilir 5
where:
LR - L/\ - L/\n
Lo = Lis+ 2L
Lxr - LA + SLAB
L, =L+ 3L
L.=3La.

Since in a symmetrical voltage supply system the
following is valid: i, =i =i, =i =i =i, =0,

So even: y,_ = Ve S Vo =V =V, = ¥, = 0.

For the linkage magnetic fluxes one can write the
following matrix equations:

w] [L LHZ
L, L. i,

ms]: [Lg L][zﬂ] (18)

1/,/57 Lsr L,- 2.5, ‘

z‘m]_ 1 | L LH ]

inl  LL —L}|—L, "

i/ls] 1 | L LW][W ] (19)

Z.b’r Ler - Lf, va LS wﬂr *

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:

Bl i — i

= 5 bLo (inier — dusl). (20)

To build a dynamic model of the motor, one also
needs a mechanical equation:

dw,
dt >’

M—M =7 (21)

where: J is the inertia moment recalculated on the
motor shaft, M is the load torque.
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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/fratio 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
U, .., according to the relation:

_46f

5()0 _F' Lan

(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

350

two-pole five-phase motor. The following data were used
in the structure of the dynamic model, [11, 15]:

P, = 1.95kW;U, = 200V/50Hz; p = 1

n, = 29107ev/ min; R, = 3.778Q; R = 2.498Q;
L, = 0.436H; L., = 6.83mH; L;, = 11.88mH,
J = 0.01kgm/s".

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 () in block expressed
as 5/2:
Yo = [ (u— Ri.)dt

(23)

s = _/-(uzfs — R.iy)dt.

The rotor linkage magnetic fluxes are calculated
based on Equations (13) (block Psr), for a motor with

a squirrel-cage rotor, u  =u = 0.

Vo = [(—Ris — w.ihs)dt

(24)
Yo = [(—Riy — 0.y.)dt

The stator and rotor currents components are
calculated from matrix Equations (19):

20 40 60

—

Figure 3 Voltage versus frequency
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Figure 4 Block diagram of the five-phase IM drive
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L L
L wasy sAE ws d
: i (25)
b= T — T e
L.L,— L L.L,—L,""
L, L
O vy R C o s s
: , (26)
= T T e
L.L,— L L.L,—L,"™

The electromagnetic torque of the motor is calculated
based on the Equation (20).

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

wn = (M= M. @

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 (m_ =
6.5 Nm). Subsequently, the load torque is reduced to the
value of m = 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

80 10
f A T
T a0 —
g s 2
‘-.—20.
h E
0 : o
0 1 2 3 4 5 -]
t(s) >
Taoo-
2200}
g
=100
3
0 ;
0 1 2 3 4 5 -4
t(s) —»
+ 15}
E 10
=
£ S [—\—
0 A 3 ; i
0 1 2 3 4 5 -]

t(s) =

Figure 5 Not loaded motor frequency start-up

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

()

i’
r

t(s) —

Figure 6 Stator and rotor phase-current
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Figure 7 Loaded motor frequency start-up
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Figure 9 Motor frequency reversal

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.

(A)

i’
ir

I I I I I
0 1 2 3 4 5 6

tes)

Figure 8 Stator and rotor phase-current

ts) —

Figure 10 Stator and rotor phase-current
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