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This paper presents the finite element analysis (FEA) of a sixphase inverter-start induction motor (IM), which has several
benefits such as high-fault tolerance, less torque pulsations and
high-power output when compared to the conventional threephase line-start IM. The motor is inverter-start hence the need for
a voltage source inverter circuit that will drive the IM. The
machine stator windings are distributed windings derived from
splitting the stator of a conventional three-phase IM into two, to
form a six-phase stator with no displacement angle of the winding
sets. The Six-phase inverter-start IM was modelled and simulated
using ANSYS electronics desktop finite element analysis (FEA)
software. The performance characteristics, such as speed, torque,
stator currents, magnetic flux density, and magnetic vector
potential were observed and compared to the conventional d-q
method. The analysis was seen to provide actual accurate insight
into the operation of the six-phase inverter start IM that other
numerical methods cannot provide.
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1. INTRODUCTION
Electrical machines could be designed as line-start or inverter-start. The advent and constant improvement
of power electronics drives have increased the use of inverters to drive multiphase machines (Levi et al.,
2007). The induction motor (IM) is the simplest electrical machine in terms of construction. The rotating
magnetic field of the rotor cuts the stationary stator, causing an electromagnetic field to be induced into the
rotor. The electric current in the rotor required to produce torque in an induction motor is acquired via
electromagnetic induction from the stator winding's revolving magnetic field. An induction motor's rotor can
be either a squirrel cage rotor or a wound type rotor. Due to simple and durable construction without
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mechanical commutators, AC motors are currently chosen over DC motors in most applications. The most
often used AC motor for industrial control and automation is the induction motor, which is also known as
the workhorse of the motion industry, due to its simple and robust construction, low cost, high efficiency,
reasonably good power factor, self-starting, and low maintenance cost as seen in Melfi et al. (2009). The sixphase induction motors are inverter start and are preferable for high power applications than three-phase
motors (Khoucha et al., 2009; Liang and Ilochonwu, 2010).
Multiphase induction motors such as five-phase, six-phase and nine-phase induction motors are known to be
highly fault-tolerant when compared to the conventional three-phase induction motor. They are also seen to
have less torque pulsations and lower harmonic current, hence the recent interest in them, especially in
applications where the reliability of the induction motor is of utmost importance (Abbas et al., 1984; Loriya
and Patel, 2016; Gaikwad and Shinde, 2020). The simulation of inter-turn and phase faults performance
analysis of multiphase induction motor was presented by De Rossiter Corrêa et al. (2001), while Kammoun
et al. (2015) showed that inverter start multiphase motors were highly fault-tolerant when compared to their
three-phase winding counterpart.
The modelling and simulation of the induction motor was earlier carried as far back as 1965 by Krause and
Thomas, (1965), and an investigation of an inverter fed five-phase induction motor was carried out in 1969
by Ward and Härer (1969). A digital simulation of a three-phase induction motor was presented by Ghani,
(1988) where he showed the dynamic behaviour of the motor. Multiphase phase induction motors are mostly
modelled either in natural machine variables or in d-q variables and simulated using MATLAB/Simulink
(Singh et al., 2003; Kundrotas et al., 2014; Dattu and Rashmi, 2017). The modelling and analysis of the
inverter start six-phase induction model have previously been carried out by Ogunjuyigbe et al. (2014), the
authors modelled the motor in d-q variables and presented a step by step method of simulation in
MATLAB/Simulink. Results showed performance characteristics expected, but still does not portray the
actual behaviour of the motor since stator slot permeance harmonics, winding harmonics, and the actual air
gap function was not taken into consideration. Kaliyavarathan and Sivakumaran, (2020) presented a design
and performance analysis of a novel multiphase induction motor with die-cast copper rotors using Finite
element analysis (FEA) for electric propulsion vehicles applications. A unique multiphase die-casting
induction machine was created in this study. The authors concluded that multiphase die-casting induction
motors outperformed other conventional machines. Since the six-phase IM machines were previously
modelled in natural machine variables and d-q variables and simulated in MATLAB/Simulink, stator slot
permeance harmonics, winding harmonics and actual air gap function were not taken into consideration.
Hence, results from such methods are not too accurate. Although the use of FEA is more accurate, this does
not in any way invalidate the results from other numerical methods using MATLAB/Simulink. The FEA is
perceived to be the most accurate method for the analysis of electrical machines as machine parameters are
accurately calculated through the direct calculation of the magnetic field in the machine domain (Epemu et
al., 2021).
The purpose of this paper is to model and analyze the six-phase inverter-start IM model using finite element
analysis to provide a true insight into the operations of the motor which is more accurate than other numerical
methods such as the d-q, natural phase variable method and the complex vector approach.

2. METHODOLOGY
The analysis of the inverter-start six-phase induction motor was done using the d-q method and the finite
element analysis approach. The electromagnetic field analysis and the dynamic simulation of the six-phase
inverter-start IM was carried in ANSYS electronics desktop software which is based on Maxwell’s Equations
and the voltage equations of the machine.
2.1. Voltage Equations of The Six-Phase Inverter-Start IM
The voltage equations portray the electrical behaviour of the six-phase inverter start IM. The stator six-phase
voltage equations are presented in Equations (1) – (6). Figure 1 depicts the motor stator windings as well as
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the set of three rotor phase windings and phasors. The fictitious d-q axis of the six phase IM is as seen in
Figure 1. The stator phases are represented as upper case alphabets with subscripts s, while the rotor phases
are lower case alphabets with subscripts r. A dynamic model for a motor with a three-phase rotor winding
and a six-phase stator winding is been developed with the stator and rotor voltage equations in Equations (1)
– (13).

Figure 1: Six-phase induction motor stator and rotor phasors
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The rotor voltage equations in Direct-Phase variables are also presented in Equations (7) – (9).
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where VAs = stator phase A voltage, Var = rotor phase A voltage, R = resistance, i = current and λ = flux
linkage.
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The transformation from direct-phase variables to d-q variables is done using the transformation matrix
presented in Equation (10). Equation (11) shows the relationship between the d-q voltages in rotor reference
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frame and the stator phase voltages. The electromagnetic torque of the machine is presented in the
mechanical model of the machine as seen in Equation (12).
1

!

= 2 345 67 +

8

(12)

where TL = load torque, J = inertia, P = number of poles, ωr = rotor speed, and p = differential operator.
2.2. Finite Element Analysis Equations
The finite element method (FEM) is a numerical technique that breaks a large problem space down into
smaller spaces known as finite elements, through the use of meshes. The FEA mesh plot is shown in Figure
2. Using FEA in the analysis of electrical machines, the electric and magnetic fields of the machines are
determined (Bianchi, 2017). The electric and magnetic vector fields are computed using Maxwell’s field
equations as presented in Equations (13) – (16).
curl < = 2 +
curl > = −
div B = 0

=

=

(13)

=

(14)

=

(15)

div D = E

(16)

Where < = magnetic field strength, 2 = current density, D = electric field displacement, B = magnetic flux
density, > = Maxwell’s electric field, and E = density of electric charge.
The vector fields in Equations (17) – (20) varies in position and time. The constitutive relationship is
presented in Equations (17) – (19) alongside the continuity equation of the vector field in Equation (20).
B = F<

(17)

D = G>

(18)

2 = H>

div 2 = −

(19)
=I

(20)

=

Where H = electric conductivity, G = electric permittivity, and F = magnetic permeability.

Figure 2: FEA Mesh plot of the six-phase inverter-start IM

In the case of a non-linear material, the coefficients become a function of the magnetic field or electric field,
hence magnetic permeability F becomes a function of <, accounting for saturation, whereas H and G become
functions of Maxwell’s electric field >.
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Boundary conditions are necessary for determining a solution of the geometry using FEM, as they define the
value of the magnetic vector potential on the boundaries of the geometry. There are two typical boundary
conditions; Neumann’s condition and Dirichlet’s condition explained in (Bianchi, 2017). The choice of an
appropriate boundary condition gives an excellent result of the machine model.
2.3. Machine Description
The winding clock diagram of the six-phase inverter-start IM model used in this study is presented in Figure
3. The machine model was derived from the conventional three-phase IM, having a single stator winding.
The single stator winding was split into two sets of stator windings forming a six-phase machine (Schiferl
and Ong, 1983). The six phases were supplied voltages directly from the inverter circuit presented in Figure
4. The various machine parameters and dimensions of the IM used for the FEA simulations were presented
in Table 1.

Figure 3: Winding-clock diagram of the six-phase induction motor stator
Table 1: FEA machine design parameters
Machine parameter/configuration
Value
Stator outer diameter
210 mm
Stator inner diameter
148 mm
Rotor outer diameter
147.3 mm
Rotor inner diameter
48 mm
Machine length
250 mm
Stacking factor
0.95
Stator/Rotor steel type
M19_24G
Number of poles
4
Number of slots
36
Conductors per slot
24
Coil pitch
5
Winding layout
Double-layer
Winding type
Whole-coiled
Parallel branch
2
No. of rotor slots
44
Rated voltage
380 V
Rated speed
1500 rpm
Rated output power
7.5 kW
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Figure 4: Six-phase voltage source inverter circuit
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The simulation of the six-phase inverter-start IM was carried out in MATLAB/Simulink in d-q variables,
similar to what was done by Ogunjuyigbe et al. (2014). Equations (1) – (13) and some of the machine
parameters presented in Table 1 were used for the modelling of the machine. A six-phase PWM inverter
circuit was used to achieve the voltage source. It should be noted that the dynamic modelling and simulation
was done in per-unit. The IM model was started on no-load and at a time of 1s, a step load of 5 p.u was
applied to the motor. Performance characteristics such as speed, torque, stator currents, and torque-speed
characteristics were observed and presented in the results section.
2.5. Simulation of Six-phase Inverter-Start Induction Motor using FEA
More detailed machine parameters as presented in Table 1 were required for finite element analysis
simulations. Parameters such as stator dimensions, coil sizes, the dimension of slots, number of turns of
coils, types of materials employed in the machine, nature of rotor etc. were used for the modelling in ANSYS
electronics desktop software. The modelling procedure involved the following steps shown in Figure 5.

Figure 5: ANSYS FEA software modelling procedure

The six-phase IM was modelled initially using RMxprt software which is a template-based electrical
machine design tool in the ANSYS electronics desktop using the dimensions and parameters in Table 1. The
six-phase inverter circuit was modelled in ANSYS Twin Builder, while the motor was created in ANSYS
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Maxwell 2D environment from the RMxprt model. Figure 6 shows the co-simulation of the voltage source
inverter and the designed motor.

Figure 6: ANSYS FEA co-simulation between ANSYS Twin Builder and ANSYS Maxwell 2D

The voltage source inverter was used to obtain the six-phase supply from the AC supply from an initial 415
V three-phase AC source that was rectified. The initial per-phase AC voltage supply before rectification was
230V. The rectified voltage was fed to the voltage source inverter which was coupled with the six-phase
wound IM in ANSYS Maxwell 2D. The IM model was started on no-load and at a time of 0.4 s, a step load
of 15 Nm was applied to the motor. Performance parameters such as speed, torque, stator currents, electrical
and mechanical powers, magnetic flux density etc., were observed and presented in the results section.
3. RESULTS AND DISCUSSION
The speed characteristics of the six-phase inverter start IM models in d-q and FEA are presented in Figures
7 and 8. The d-q speed plot had an initial transient speed rise of 1510 rpm later settling at a steady-state
speed of 1490 rpm at about 0.2 s. At the introduction of a load torque of 5 p.u, the speed dropped to 1380
rpm and later achieved steady-state at 1398 rpm. Similarly, the FEA speed plot showed an initial rise in the
speed of 1518 rpm and later settling at 1496 rpm. At the introduction of 15 Nm step load after 0.4 s of
simulation, the model was seen to experience transient disturbance before attaining steady-state again at
about 1497 rpm.
The torque performance characteristics of the six-phase inverter start IM model in d-q and FEA were
presented in Figures 9 and 10. An initial transient torque rise of 19.88 p.u was observed for the d-q model,
which later settled at zero when the machine achieved steady-state at 0.2 s. At the introduction of 5 p.u load
torque after 1 s, the torque rose to 6.03 p.u and later settled at 5 p.u. For the FEA plot, the motor showed a
starting transient rise of 402 Nm, and the machine settled after 0.145 s. The plot showed torque pulsations
as a result of magneto-motive force (MMF) permeance and slot harmonics which is not seen in the d-q plot
in Figure 9. This is because the FEA considered all the harmonics and also the actual airgap which is not
considered in the d-q method. A torque rise was also noticed at the introduction of 25 Nm load torque after
0.4 s, which later settled at 25.01 Nm as seen in Figure 10. The FEA torque plot depicts the actual behavior
of the motor on starting and at the introduction of load torque.
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Figure 7: Six-phase inverter-start IM speed characteristic in d-q variables

Figure 8: FEA Six-phase inverter-start IM speed characteristic

Figure 9: Six-phase inverter-start IM torque characteristic in d-q variables
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Figure 10: FEA Six-phase inverter-start IM torque characteristic

The stator phase winding currents of the six-phase inverter start IM model in d-q and FEA were shown in
Figures 11 and 12. The plots are similar and showed the transient currents rise at start-up and the current rise
at the introduction of load torque. The stator phase A current of the motor was observed as 59.35 A (rms),
stator phase B had a stator phase current of 59.65 A (rms), phase C had 61.27 A (rms), phase D - 60.37 A
(rms), phase E – 61.04 A (rms) and phase F - 61.25 A (rms) in Figure 12.
The torque-speed characteristics of the d-q motor model is presented in Figure 13, while that of the FEA is
presented in Figure 14. The torque-speed characteristics illustrate the relationship between the speed and
torque of the machine model during the operation stages, from start to full load speed. The d-q torque-speed
plot in Figure 13 showed an initial settling torque value of zero at synchronous speed and 5 p.u at the
introduction of load. The FEA torque-speed plot in Figure 14 demonstrated that an initial settling torque
value of 0 Nm was obtained at synchronous speed. When a load is applied, the torque value rises from 0 Nm
to a settling value of 25 Nm, indicating full load torque at full load speed. It was also observed from the
torque-speed plots that the FEA had torque pulsations due to spatial harmonics while the d-q plot does not
show this phenomenom.

Figure 11: Six-phase inverter-start IM stator phase currents in d-q variables
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Figure 12: FEA Six-phase inverter-start IM stator phase currents

Figure 13: Six-phase inverter-start IM torque-speed characteristic in d-q variables

Figure 14: Six-phase inverter-start IM torque-speed characteristic

The FEA model of the electrical and mechanical power developed was presented in Figures 15 and 16. For
brevity, the electrical and mechanical power developed for the d-q model was not presented. The average
electrical power developed was 24679.58 W. The effects from the addition of 15 Nm load torque after 0.4 s
was clearly seen in the mechanical and electrical power plots.
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Figure 15: Six-phase inverter-start IM electrical power plot

Figure 16: Six-phase inverter-start IM mechanical power plot

The field results of the six-phase inverter-start IM were shown in Figures 17 and 18. The magnetic vector
potential of the machine model presented in Figure 17 had a maximum magnetic vector potential value of
0.0189 Wb/m, and minimum magnetic vector potential of -0.0.189 Wb/m. The magnetic flux density of the
model presented in Figure 18 had a maximum magnetic flux density of 1.59 T and a minimum magnetic flux
density value of 7.12 ×10-7 T. These plots were derived in ANSYS using the earlier presented Maxwell’s
Equations in (14) – (20). The plot obviously cannot be achieved in MATLAB/Simulink with the
conventional d-q method. The magnetic flux densities and magnetic flux lines distributions of the six-phase
inverter-start IM are clearly visible in the plots.
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Figure 17: Six-phase inverter-start IM magnetic flux lines showing the magnetic vector potential

Figure 18: Six-phase inverter-start IM magnetic flux density magnitude

4. CONCLUSION
This paper showed the step-by-step modelling and simulation of a six-phase inverter-start induction motor
using the transient co-simulation procedure of ANSYS Maxwell 2D® software and ANSYS Twin Builder
software. The study also presented the conventional d-q method in MATLAB/Simulink for comparison. The
starting transient and dynamic response at the introduction of load torque of both models were presented in
the study. The study showed the possibility of modelling and analyzing inverter-start motors in ANSYS
Electronics Desktop Suite and the fact that FEA remains the most accurate method for analyzing electrical
machines since the machine parameters are accurately calculated through the direct evaluation of the
magnetic field in the machine domain. The ANSYS simulation provided an actual and accurate insight into
the operation of the six-phase inverter start motor that other numerical methods cannot provide.
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