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Abstract. This article proposes a practical and flexible modelling approach for a five-phase squirrel-cage induction motor that explicitly
accounts for the shape of the air-gap magnetic flux density distribution. Two motor configurations are analysed and compared: one with a
sinusoidal air-gap flux distribution and another with a quasi-trapezoidal distribution obtained through third-harmonic voltage injection. The
proposed modelling framework is based on vector space decomposition into two orthogonal mathematical planes and is implemented using
standard components available in the PLECS simulation environment. Finite element analysis is used to support the selection of model
parameters and to evaluate the influence of harmonic injection on the air-gap flux distribution. The developed models are verified by simulations
and laboratory experiments carried out on the five-phase induction motor. The results confirm that a quasi-trapezoidal air-gap flux distribution
enables the second vector plane to contribute to torque production and leads to improved magnetic flux utilisation. The proposed approach
provides a clear and flexible tool for the analysis and development of control strategies for five-phase induction motor drives.
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1. INTRODUCTION

Multiphase induction machines represent an alternative to con-
ventional three-phase squirrel-cage motors, particularly in ap-
plications where additional degrees of freedom in machine op-
eration are of interest. As widely reported in the literature,
such machines allow torque enhancement through harmonic-
assisted operation and can maintain electromagnetic torque
under phase deactivation, providing increased operational ro-
bustness in selected applications. This enhances the reliability
of the motor’s performance in specific high-demand applica-
tions [1-3].

A scalar or vector control scheme for a five-phase machine is
fundamentally similar to the corresponding scheme for a clas-
sic three-phase induction motor [4,5]. In order to achieve com-
plete control of the machine for decoupled flux and torque con-
trol in a squirrel-cage motor using the vector control method,
it is necessary to regulate the stator current components in the
d-q two-axis reference frame. In multiphase motors, the num-
ber of phases has a direct impact on the design of the con-
trol algorithm, offering increased flexibility in the machine’s
mathematical model. This, in turn, facilitates the development
of novel control structures. Ultilising the two additional de-
grees of freedom available in a five-phase machine allows for
the achievement of a higher electromagnetic torque density.
Moreover, the integration of a third stator current harmonic
into the machine’s operations facilitates the exploitation of the
third spatial harmonic of the field for torque production, com-
plementing the fundamental harmonic of field production [6].

The control system has been developed to allow for indepen-
dent regulation of the 1* and 3™ stator voltage harmonic com-
ponents. It can thus be concluded that two synchronised volt-
age sources are required for the generation of the stator voltage
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component ug, Ugg , Usy, Usy for each mathematical plane in an

orthogonal frame, in order to implement a 3¢ harmonic injec-
tion drive.

Research on multiphase machines is focused in two key ar-
eas. Firstly, the initial domain encompasses the design and de-
velopment of the machines themselves, incorporating the con-
figuration of windings on both the stator and rotor sides [7, 8]
and the design and optimisation of the machines’ magnetic
circuits [9—11]. The present study employs computer pro-
grammes that utilise the finite element method. Secondly,
the research focuses on the further development of control
methodologies [12—15]. A significant research direction in the
area of control methods is the development of control algo-
rithms that utilise the motor’s ability to operate in both math-
ematical planes. This enables an increase in electromagnetic
torque of several per cent, facilitates enhanced utilisation of
the machine’s magnetic circuit, and leads to a reduction in in-
ternal losses. Moreover, the control methods implemented are
capable of managing the operational and emergency states of
the drive system. This includes scenarios such as a loss of
power in one or two non-adjacent phases of the motor stator
circuit [16]

Commercial and open-source simulation tools such as MAT-
LAB/Simulink, PLECS, Altair PSIM, and Scilab/Xcos or
OpenModelica are currently being used to develop control and
regulation systems for electric drives. These programmes are
the primary tools employed by numerous research teams for
the purpose of simulating drive and power-electronics systems.
Furthermore, due to their flexibility, ease of use and accessibil-
ity, they are widely used in education and student training. Un-
fortunately, with the growing interest in multiphase machines
and drive systems, there has been a difficulty for users to ac-
cess models of multiphase induction and permanent-magnet
machines. The absence of custom models for electric machine
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Fig. 1. Schematic diagram of the drive system with five-phase induction
motor

designs poses a significant challenge for research teams. How-
ever, simulation programs provide the functionality to incorpo-
rate a block or blocks of functional code containing C++ code
into the model. This model may be of the entire drive system.
This functionality facilitates the representation of any model of
the multiphase machine under investigation through the utilisa-
tion of differential equations. Despite the fact that the proposed
solution is highly flexible and functional, it has several disad-
vantages. Descriptive code is less legible than the structure
of a simulation model in block diagram form. Furthermore,
documenting code changes in collaboration with larger, multi-
national research teams is also challenging. A significant prob-
lem is the potential for, and the occurrence of, hard-to-detect
programming errors in the code, such as implicit type conver-
sions. Moreover, the utilisation of functional blocks with C++
code necessitates manual management of the I/O interface, a
factor which has the potential to result in the occurrence of
additional errors.

This article presents and discusses a methodology for mod-
elling a five-phase induction motor, with particular empha-
sis on the differences between machine designs featuring si-
nusoidal and quasi-trapezoidal air-gap magnetic flux density
distributions. The general structure of the drive system has
been presented in Fig. 1. It is demonstrated that the shape of
the air-gap flux distribution has a direct impact on the electro-
magnetic behaviour of the machine, determining whether the
second vector plane contributes to torque production, which
occurs only in the case of a quasi-trapezoidal distribution.
Based on this physical observation, two corresponding univer-
sal equivalent-circuit models are formulated, reflecting the dif-
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Fig. 2. Stator flux density distribution and its components.
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Fig. 3. Flux density distribution for 5FIM a) only fundamental, b) with
quasi-trapezoidal distribution

ferent roles of the second plane in the overall torque-generation
mechanism. The proposed models are implemented using
standard simulation blocks in the PLECS environment and are
evaluated through a series of time-domain simulation studies.
The validity of the modelling approach is further confirmed by
laboratory measurements performed under both steady-state
and dynamic operating conditions.

2. FIVE-PHASE MOTOR WITH QUASI-TRAPEZOIDAL AIR-
GAP FLUX DENSITY DISTRIBUTION

Significant features that increase the usefulness of the five-
phase induction motor drives compared to three-phase induc-
tion motor drives include greater fault tolerance for the loss
of one or two stator phases and the ability to generate an ad-
ditional electromagnetic torque component with appropriate
system control [17, 18]. The two-dimensional transient finite
element method (2D-TFEM) is utilised to ascertain the per-
formance of the multiphase IM. The merits of the finite ele-
ment method (FEA) are predicated on its ability to compre-
hensively and accurately simulate the realistic conditions of
geometries, core materials and winding connections. Further-
more, the effective shaping of the magnetic flux distribution
within the machine’s air gap is a critical factor in determining
the magnitude of the additional torque component generated
by the provision of the motor with a third-harmonic current. In
contrast to the conventional approach to three-phase motor de-
sign, which necessitates a sinusoidal distribution of induction
in the machine’s air gap, achieving a quasi-trapezoidal distribu-
tion is particularly advantageous in five-phase motors (Fig. 2).
This approach enables the enhancement of machine efficiency
through the reduction of magnetic-circuit losses, a significant
consequence of these choices [19].

Simulation results for a cross-section of a SPIM motor de-
veloped in Ansys Maxwell software. The stator winding was
designed as a single-layer 5-phase winding with 3-pole pairs;
the stator and rotor slots are 30 and 27, respectively. The ro-
tor winding is a squirrel-cage winding. The rotor has been
modelled with the appropriate core skew. This is necessary to
eliminate the influence of higher harmonics in the results and
to obtain the quasi-trapezoidal flux distribution.

The simulation results are shown in Fig. 3. The simulation
was performed for the same load conditions, but with a differ-
ent voltage supply source. Fig. 3a shows the supply voltage
only with the amplitude of the fundamental harmonic, while
Fig. 3b shows the fundamental voltage with an additional third
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Fig. 4. Air-gap flux density distribution. The blue dashed line is only flux
density with amplitude of fundamental harmonic, red line is flux density
with additional third harmonic.

harmonic with an amplitude of 30% of the fundamental. As
can be seen, for equivalent operating conditions, the maxi-
mum amplitude (in stator core) of flux density is substantially
lower for the quasi-trapezoidal distribution (from 15-20% of
the maximum value).

The distribution of flux density in the air gap has also been
investigated (Fig. 4). As demonstrated, incorporating the third
harmonic leads to a reduction in the flux and consequently gen-
erates a more uniform distribution of induction within the air-
gap. The maximum amplitude of air-gap flux density is ap-
proximately 1.2 T and 0.8 T for only fundamental and 3rd har-
monic, respectively. Moreover, the higher harmonics of the
air gap flux density in five-pole phase conditions are negligible
and thus do not exert any discernible influence on the perfor-
mance of the SPIM.

The FEA simulation results are of particular importance, as
they provide information on motor parameters that are other-
wise difficult to measure. The results of the simulations pro-
vide a foundation for the configuration and synthesis of an
equivalent circuit for a multiphase machine in a dual mathe-
matical plane.

3. VECTOR MODELS OF FIVE-PHASE INDUCTION MOTOR

The development of a simulation model of a five-phase induc-
tion motor, in the form of a functional block for use in a simula-
tion program, is predicated on a comprehensive understanding
of the motor’s internal structure, as well as the properties of
multiphase systems themselves. The system under discussion
comprises two model variants. The initial variant pertains to
a motor design characterised by a quasi-trapezoidal flux distri-
bution within the air gap, while the subsequent variant involves
a design with a sinusoidal field distribution. The design of both
motors is based on mathematical relationships that have been
documented in the literature [20]. A key feature of symmet-
rical five-phase systems in natural axes during the transition
to an orthogonal system, facilitated by the Park transform, is
the ability to express the model in two decoupled systems of
orthogonal reference frames. The five-phase induction motor

can be represented as two independent virtual machines [21]
supplied by a single five-phase voltage or current source. A
common drive shaft physically connects these machines.

The generator vector model is based on several standard as-
sumptions: the magnetic circuit is linear and magnetic satura-
tion is not included, the winding distribution depends on mo-
tor configuration and is assumed to be sinusoidal for the first
model or quasi-trapezoidal in the second model, all model pa-
rameters are assumed fixed, the air-gap is uniform, and me-
chanical losses are not considered.

The general form of the vector model of a five-phase induc-
tion motor, with standard simplifying assumptions, is:

(i)

u RO+ ), M
dr
0RO 3 (0u— o) ©)
=Ny 1y dr ] a ) ry

flux equations are defined as:
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where ‘Pgi),i‘gi),u@ and ‘Pﬁi),iﬁo are the stator and rotor
space vectors of magnetic fluxes, circuit currents and voltage
for each mathematical plane, respectively. The dynamics of
the mechanical part of the model are described by the equation
in which the electromagnetic moment is the sum of moments
arising from components defined on individual mathematical
planes. The general form of the equation is as follows:

do, 5 & Ve
J =>p Y Im|[PV" i|- Tjpq 5)
i=1

dt 2

where J is the rotor moment of inertia, p is number of pole
pairs, and Tj,,q is load torque. The superscript (i = 1..2) de-
fines sets of state variable equations for two independent math-
ematical planes of state variables 1 and 2. The components
of the machine model variable vectors on the first mathemat-
ical plane are designated (& — f3), while on the second plane
they correspond to the designation (x —y). The superscript
also corresponds to the parameters of the motor model, which,
depending on the internal design, may differ for each plane
considered.

The inductance of stator, rotor and mutual inductance, de-
noted as Lgi) ,L£i), and LE,?, also require indexing due to the two
mathematical planes that exist:

L =1 41, =18 41} ©6)

o o

The control system used to utilize the features of the second-
math plane 3"/~ harmonic injection is described in the literature
[21]. An orthogonal plane that rotates three times faster and in
the opposite direction to the fundamental is required to take
advantage of the 3" harmonic, therefore
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The electric motor model equations in the form (1) - (5) are
general relations that can be written in two ways, depending on
the adopted simplifying assumptions. Assuming the rotational
speed of the reference system, ®;, is equal to zero, the system
is stationary with respect to the machine stator. In the first
case, for a motor design with a quasi-trapezoidal air-gap flux
distribution, the set of equations takes the form for the first

plane (a — f3):

d¥ ) d¥ )
= RV tua, —P=-Rigtug ®
d¥, ) d¥y, )
dtaz—R;(«l)lr(x'i_w;gl)lPrﬁ, 7ﬁ=_R)(‘l)lrﬁ—a)r(‘l)lPrOC
€))
and for the second plane (x —y):
d¥s . d¥ :
TM = _RAEZ)lsx + Usx, 7&)} = _Rgl)lsy + Uy (10)
d¥ ) d¥,, )
dtrx = —Rgz)zm + a),(2>‘P,y, dtr) = _Rﬁz) lry - (D;gz)lprx
a1
The dynamics of the mechanical part of the model are as
follows:
(1) (1)
doy 5 Ly . .
JT = EP[E(\PmlSﬁ — \Prﬁlsa)
' (12)
LY o .
+ W (lprxlsy - ‘Prylsx)] —Tioad
L

In the second case, corresponding to a sinusoidal air-gap flux
distribution, the model structure in the second plane is simpli-
fied. The vector of the stator magnetic flux generated in the
second plane is as follows:

2,252 (13)

hence the dynamic of stator flux equation (1) for second
plane for vector components takes the form

a¥,  RY av,  RY
dr _E\Psx + Usx, dr _@TW + Uy (14)

In a machine with a sinusoidal air-gap flux distribution, the
subsystem in the second mathematical plane (x —y) does not
generate an additional electromagnetic torque component. The
dynamics of the motor’s mechanical part for this configuration
take the form:

(1) (1)
doy 5 L . .
N 7Pﬁ(qj"a1sﬁ 7\Prﬁlsoc) —Tioad (15)
r

dt 2
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For the selected air-gap flux distribution, quasi-trapezoidal
or sinusoidal electric motor type, based on the system of equa-
tions (8) - (11) or the system of equations (8) - (9) and (14),
respectively, two equivalent circuits to the five-phase induction
motor model in a stationary reference frame can be created, as
shown in Fig. 6.

The blue frame surrounds the equivalent motor circuit de-
fined for the first mathematical plane, while the red frame indi-
cates the equivalent circuit for the second plane. The difference
between the models occurs only on the second plane.

4. SIMULATION MODELS OF MOTOR

A top-level diagram of an electric drive model with a five-
phase induction motor is shown in Fig. 5. The power stage
of the five-phase voltage source inverter (VSI) consists of 10
power switches. Control pulses from the SVPWM block con-
trol the IGBT transistors. This block implements the space
vector pulse-width modulation (SVPWM) algorithm. The two
outputs (1)(2) of this block are vectors with transistor states
for the upper and lower positions. The required input volt-
age vectors’ lengths (|Usl]), (JUs3|) and pulsations (omegal),
(omega3) for both mathematical planes are calculated in the
master control system block, where any user-selected control
algorithm can be implemented based on the selected control
method. In the described simulation configuration, scalar con-
trol was used, which was presented in the publication [22]. To
simplify the entire drive model, the rectifier module was re-
placed with an equivalent constant-voltage source Vi with Vdc
=560 V, which supply the VSI system.

The motor model, which is comprised of five phases, was
constructed exclusively using standard functional blocks from
the programme’s component library. The approach to elec-
tric motor modelling was intended to maximise the clarity of
the model’s structure and ensure consistency and coherence
among the various components.

The internal structure of the functional five-phase motor
block (5-phase IM) is shown in Fig. 7. The internal structure
of the model is determined by the physical internal structure of
the magnetic circuits and the topology of the motor windings.
The presented motor model considers two solutions: one with
a sinusoidal and the other with a quasi-trapezoidal flux density
distribution in the air-gap.

The machine model is divided into two subsystems corre-
sponding to the first mathematical plane, marked (ot —f3)ina
blue frame, and the second mathematical plane, marked (x—y)
in a red frame.

The internal configuration of the motor’s equivalent circuit
diagram on the first mathematical plane is the same in both
motor designs (blue frame). The fundamental difference in the
model configuration concerns the construction of the equiv-
alent circuit diagram on the second mathematical plane (red
frame), which depends on the shape of the magnetic flux den-
sity distribution in the motor’s air gap. The differences in the
internal structure are shown in Fig. 7: A - sinusoidal distribu-
tion, B - quasi-trapezoidal distribution. In the green frame, the
mechanical part of the model was marked. This part is identi-
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Fig. 5. Schematic diagram of the simulation drive system with a five-phase induction motor.
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Fig. 6. Equivalent circuits of the five-phase induction motor: A) with
sinusoidal distribution, B) with quasi-trapezoidal distribution

cal for both configurations.

A major difficulty in modeling drive systems of multi-phase
machines is the connection of the part containing the regulated
source in the form of a converter in a natural five-phase system.
Transformation functional block (abcde<->alpha-beta-xy) for
connecting a five-phase system with two independent orthogo-
nal subsystems with equivalent circuits of motor model for the
first and second mathematical planes. The internal structure of
the transformation block, which is crucial to the simulation’s
functionality, is shown in Fig. 8.

Five ideal multi-winding transformers were used to trans-
form the machine’s phase currents and voltages between the
natural five-phase symmetrical axis system and two orthogonal
systems representing the machine model. The five-transformer
connection configuration, along with four controlled current
sources (Id1-Id4) and four controlled voltage sources (V1-V4)
(two controlled sources per independent mathematical plane
of the model), allows coupling the five-phase system with the
orthogonal alpha-beta and x-y axes system. The transformer
ratios of the individual transformers correspond to the coeffi-
cients of invert Park’s transformation matrix for the five-phase
system, consistent with formula (16).

The machine model is based on a four-controlled-current-
source implementation at the stator terminals, which connect
to the voltage-source inverter. Problems may occur during pe-
riods of inactivity in the inverter transistors, due to a shift in
the current flow direction between the transistor and the bypass
diode. In order to eliminate potential problems during the se-
lected operating states of electric drives, it is necessary to add

This article has been accepted for publication in a future issue of this journal,

snubber resistors R1-R4 in parallel with the current sources.

5. SIMULATION STUDIES AND LABORATORY TESTS

In order to verify the correctness of the developed motor model
structure and its operation, standard simulation tests were per-
formed, and the results were verified against measurements on
a test stand. The drive system was implemented on the PLECS
simulation platform, which is designed for power electronics
and electric drive systems. Tests of the drive system were con-
ducted in a laboratory setting using a stand that housed a two-
level bidirectional power electronic converter rated at 11kW.
This converter was controlled by a controller board that in-
corporated a Sharc ADSP21363 floating-point signal proces-
sor and an Altera Cyclone II FPGA. The stand facilitates com-
prehensive access to all level converter configurations. The
PWM switching frequency was 3.3 kHz. The control algo-
rithm code was written in C++ using rules consistent with the
processor type. The interrupt time was set to 150us. Phase cur-
rents measurements were obtained using a Tektronix MSO46
multi-channel oscilloscope with current probes. In the labora-
tory tests, a five-phase squirrel-cage motor with a power rating
of 5.5 kW was used. The parameters of the induction motor
prototype for the first and second mathematical planes are pre-
sented in Table I in Appendix I.

The results obtained from both the simulation and measure-
ment processes are presented successively. The drive system
was regulated through the implementation of an open-loop
scalar control method, thereby ensuring the maintenance of a
constant ratio between the stator voltage, first-harmonic ampli-
tude, and frequency.

In the control system, it is assumed that the 3rd-harmonic
component of the stator voltage does not exceed 30% of the
fundamental harmonic of the inverter-generated voltage. Fig.
9 illustrates the motor’s steady-state operation without a load,
while the corresponding measurement results are shown in Fig.
10. Additionally, the phase current waveform obtained from
the FEM analysis is shown in the white box.

The next step, the motor was started at 750 rpm. In all test
cases, the required stator voltage pulsation was applied using
a 1-second ramp. The simulation results are shown in Fig. 11.
Fig. 12 shows the current oscillograms corresponding to the

but has not been fully edited. Content may change prior to final publication.
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Fig. 8. The structure of a transformation block that is an element con-

necting a five-phase power supply system with five-phase motor equiv-
alent circuit systems in orthogonal coordinate systems. L
stator current values are shown in Fig. 14.

The laboratory test results show that the developed model

motor start procedure. The next test involved forcing the motor
shaft rotation direction to change in the drive system model.
The test was conducted for a speed range of 750 to -750 rpm.
The simulation results are shown in Fig. 13. The measured

6

is reliable under both static and dynamic conditions, and third
harmonic injection can result in an additional torque compo-
nent.

It has been demonstrated that the reliability of the measure-
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ments and simulations provides substantiated evidence that
validates the model’s capacity to facilitate the design and eval-
uation of control algorithms prior to their actual implementa-
tion within authentic systems.

6. CONCLUSIONS

This article presents a modelling approach for a five-phase in-
duction motor that accounts for the magnetic flux distribution
in the machine’s air gap. The injection of the third harmonic
into the stator voltage exerts a substantial influence on the dis-
tribution of induction in the air gap and the operating parame-
ters of a five-phase induction motor. The model configuration
considers two cases: one with a sinusoidal magnetic flux dis-
tribution and one with a quasi-trapezoidal distribution.

The models were developed using dual-plane vector repre-
sentation and implemented with standard components in the
PLECS simulation environment. Finite element analysis was
used to evaluate the influence of third-harmonic injection on
the air-gap flux distribution. The results showed that introduc-
ing the third harmonic leads to a more uniform flux distribution
and reduced peak flux density, which improves magnetic cir-
cuit utilisation without changing the machine geometry. These
observations provided the basis for selecting different model
structures for the analysed configurations.

Laboratory tests verified the simulation studies on the five-
phase motor with a quasi-sinusoidal air-gap field distribution.
A comparative analysis of the obtained test results indicates
that the motor model, constructed from standard components
of the PLECS symbol library, based on a set of mathematical
equations (1) - (5), provides an excellent basis for developing
and examining control structures for five-phase motors. More-
over, these results confirm that the use of a quasi-trapezoidal
induction distribution in combination with third harmonic in-
jection is a beneficial solution in the design of five-phase elec-
tric drives, especially in applications requiring high efficiency
and overload resistance.

Finally, the present study proposes and validates two struc-
turally distinct models for sinusoidal and quasi-trapezoidal flux
distributions. These models demonstrate that a single universal
dual-plane model is sufficient for simulating five-phase induc-
tion motors. The proposed approach provides a clear and prac-

:éé

T
.5 1.0 1.5 2.0
time (s)

0.

Fig. 11. Transient motor currents for start-up procedure to 750 RPM,
simulation results.

tical framework for modelling and analysing five-phase drives,
and can be effectively used in the development and evaluation
of control algorithms.
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APPENDIX

Table 1 presents the parameters of the prototype of a 5-phase
induction motor used for laboratory tests. Fig. 15 shows a
configuration of the laboratory setup with the analysed 5-phase
motor coupled with three 3-phase load motors. The prototype
of a 5-phase voltage source inverter supplies the analysed 5-
phase induction motor in an electric drive shaft.

Fig. 10. Stator current waveforms for the steady-state of the machine
and FEA results of stator current single phase.

Fig. 12. Transient motor currents for starting procedure up to 750 rpm,
measured results.
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Fig. 13. Stator current waveform for motor reversal procedure in the
range of 750 to -750 rpm, simulation results.
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