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ABSTRACT

The quest for efficient, stable, and reliable operation of power devices for electric vehicle traction has intensified over the years for improved performance. To this end, 
the study on dual inverter-fed split-phase Interior Permanent Magnet Synchronous Machine (IPMSM) is undertaken in order to authenticate the precise magnetic 
coupling between the split-phase stator winding sets and also to draw inferences on the improved performance characteristics of the machine over their traditional 
three-phase counterparts. This paper presents a unique and precise circuit representation of IPMSM with the inclusion of mutual slot leakage coupling inductance 
between the split-phase stator windings energized by two independent space vector pulse width modulated inverters for full utilization of the limited dc battery bank 
voltage so that the machine can run at rated volts per hertz value in order to sustain the rated load torque without the machine windings being overheated and also 
to prevent derating. The dynamic and steady-state equivalent circuits are derived in a unique manner. This configuration has high reliability, high torque and power 
densities, good efficiency, power supply security, and fault tolerance than traditional three-phase PMSM counterparts. The amplitude of current loading and stress in 
this scheme is 50% less than their three-phase counterparts as the current is shared between the split-phase IPMSM stator winding sets, thereby making the machine 
thermally stable and robust. Moreover, the current Total Harmonic Distortion (THD) spectrum, speed, and torque ripples of this scheme are also lower than their three-
phase counterparts. This configuration shows that the reduction in the current THD spectrum, torque, and speed ripples are 3.19%, 18.16%, and 38.89% respectively, 
compared to their three-phase counterparts. The results obtained in this split-phase IPMSM by q-d and steady-state analyses are remarkably in good agreement. 
MATLAB software simulation study proves the efficacy of this configuration.
Index Terms—Dual inverters, electric vehicle, load angle, phase shift, space vector modulator, split-phase
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I. INTRODUCTION

The groundbreaking development of the internal combustion engine vehicle is one of the great-
est advancements of contemporary technology. The concern over the depletion of limited global 
fossil fuels (coal, petroleum, and natural gas) has motivated and pressurized regulatory bodies 
and researchers to search for alternative means of transportation traction systems. Besides the 
health and environmental hazard implications caused by fossil fuels, such as the depletion of the 
ozone layer, global warming, and urban air and noise pollution, global fossil fuels are depreciat-
ing and diminishing over the years due to their over-dependence for energy production and 
utilization and also for their enormous application in the internal combustion engines of auto-
mobiles, aircraft engines, marine engines, and locomotive engines. The search for safe and clean 
energy has necessitated research for electric vehicle (EV) propulsion systems. Fuel cell vehicles, 
EVs, and hybrid electric vehicles (HEVs) have been proposed by regulatory bodies and scholars 
to be close substitutes for typical automobile vehicles in the near future as the globe is tilting 
toward green energy devoid of environmental pollution and associated health challenges [1].

A. Literature Review
Electric traction systems these days are gaining more attention since they are regarded as the 
most promising solution to ease the global transportation energy crisis, pollution, and global 
warming posed by internal combustion engines of automobiles, locomotive engines, aircraft 
engines, and marine engines. Electric motors, as one of the key devices, determine the main 
performance of the electric transport system. The first generation of EVs was developed with DC 
machines, but eventually, the industrial acceptance of AC machines dominated DC machines 
for EV propulsion [2]. Both Permanent Magnet Synchronous Machine (PMSM) and Induction 
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Machine (IM)-based electric powertrains are being manufactured for 
EVs and HEVs. Currently, the most common type of electric machine 
used in the manufacturing of HEVs and EVs is Interior Permanent 
Magnet Synchronous Machine (IPMSM) [2]. The permanent magnets 
of IPMSM are embedded inside the rotor structure, which necessi-
tate rotor saliency in this machine. This leads to the development of 
reluctance torque that enables the machine to operate over a wide 
range of speed at constant power due to its ability to overcome the 
flux-weakening phenomenon during electric drive operation while 
Surface Permanent Magnet Synchronous Machine (SPMSM) has 
its permanent magnet mounted peripherally on the rotor surface. 
Rotor saliency and the concomitant reluctance torque do not exist 
in this case. This drawback limits the application of SPMSM for EV 
propulsion.

Permanent Magnet Synchronous Machine has high efficiency, high 
power, and torque densities than IM because, conventionally, the 
rotor circuit structure has no winding but only a permanent mag-
net. Multiphase machines have been recognized to possess higher 
efficiency and reliability than their traditional three-phase counter-
parts. Besides, they have inherent greater fault tolerance, reduced 
torque ripple and minimized power electronic rating, which pose a 
big problem in high drive power applications like EV [3]. The replace-
ment of the field winding of a typical synchronous machine with a 
permanent magnet results in a machine called PMSM. The DC field 
excitation is generated by a permanent magnet embedded interi-
orly or peripherally mounted on the rotor structure. This machine 
configuration eliminates traditional brushes, slip rings, and the asso-
ciated field winding copper losses [4]. Due to the absence of rotor 
cage winding, the machine is not self-starting; hence there exists 
line-start PMSMs [5]. Due to their non-self-starting nature, they are 
mostly applied in variable speed drives that require inverters for 
power supply [6]. The incorporation of split-phase winding into one 
stator periphery is an improved technology instead of using two 
electric motors mechanically coupled together since both configu-
rations develop an equal amount of electromagnetic torque [7]. The 
split-phase IPMSM configuration has higher torque density, higher 
power density, higher efficiency, fault tolerance, and can be oper-
ated over a wide range of speeds at constant power during drive 
operation within the limited DC bus voltage constraints compared 
to their three-phase counterparts [8, 9]. This split-phase machine has 
six sets of stator windings. There are cases where the stator six wind-
ings are phase-shifted 30 electrical degrees [8-12], while others are 
phase-shifted zero electrical degrees [13, 14].

B. Research Gap and Motivation
Having reviewed the literature of related studies, it is discovered that 
no research has been conducted on dual inverter-fed split-phase 
IPMSM for EV propulsion with a view to guaranteeing power supply 
security, fault tolerance, and reliability over their three-phase coun-
terparts. This paper presents a split-phase interior PMSM energized 
by two independent modulated inverters using the Space Vector 
Pulse Width Modulation (SVPWM) technique. The scheme is envis-
aged to have high efficiency, high torque and power densities, reli-
ability, and fault tolerance by guaranteeing power supply security to 
the machine in the event of failure. This configuration is compared 
with the configuration when the system is under fault occurrence; 
that is, when there is a failure in one of the inverters, a DC bus fail-
ure of an inverter or a stator winding set failure. These fault phe-
nomena are simply called unhealthy conditions in this paper. The 
performance characteristics of an inverter-fed typical three-phase 

IPMSM gave the same results as when this configuration is under an 
unhealthy state or fault condition. The motivating factor behind this 
study is embedded in designing a configuration that will be efficient, 
stable, reliable, and fault tolerant for the propulsion of EVs.

C. Challenges and Limitation of the Research
The drawbacks of this configuration are that a DC bus failure has the 
likelihood to shut down the machine operation since the inputs of 
the dual inverters are connected to a common DC bus and also the 
additional stator winding will invariably necessitate deeper slots, 
increased slot leakage inductance, and the attendant additional 
cost. The limitation of this study is that the configuration is not con-
ducted and controlled under any electric motor drive algorithm but 
is just inverter-fed. Applying any electric motor drive algorithm like 
direct torque control, field-oriented control, V/F control, and so on to 
this configuration is outside the scope of this study.

D. The Contributions of the Research
In the course of the study of this configuration, the major contribu-
tions of this research article are

1. The amplitude of current consumed by the split-phase IPMSM 
stator winding sets is half of that of their typical three-phase 
counterparts, thereby making the machine thermally stable and 
robust.

2. There is a reduction in the current Total Harmonic Distortion 
(THD) spectrum, speed, and torque ripples compared to their 
three-phase counterparts.

3. The configuration guarantees power supply security and fault 
tolerance compared to their three-phase counterparts.

4. This configuration also exhibits enhanced performance charac-
teristics in terms of output power, torque, and efficiency com-
pared to their three-phase counterparts.

5. The adoption of the SVPWM technique guarantees the full utili-
zation of the available DC bus battery bank voltage signal, which 
has advantages over the pulse-width modulation strategy.

II. ELECTROMECHANICAL MODELING OF SPLIT-PHASE IPMSM

The proposed electric motor configuration has two three-phase 
winding sets wound on the same stator, and equal voltages from 
the two inverters are supplied to the two sets of polyphase stator 
winding sets, abc and xyz, also known as split-phase winding, which 
are equal in magnitude and direction. The split-phase stator winding 
angular displacement or stator winding phase shift, ξ, is zero. The 
assumptions established in this scheme are that the iron losses are 
ignored, and the sets of the stator split-phase windings are sinusoi-
dally and symmetrically distributed along the air gap. The distrib-
uted windings of the split-phase IPMSM have the same number of 
poles, accommodated in the same stator slots, and share the same 
magnetic circuit structure. Thus, the split-phase IPMSM are coupled 
magnetically but electrically isolated. Since split-phase IPMSM share 
common stator slots, there exists mutual slot coupling leakage 
inductance. The topology is shown in Fig. 1.

A. The Dynamic Modeling of Split-Phase IPMSM
The dual three-phase stator winding voltage equations of the split-
phase IPMSM in state variable form can be respectively expressed as:

V r i
V r i

ABCS abcs ABCS ABCS

XYZS xyzs XYZS XYZS

� �
� �

�
�
�

��

��
��’ ’ ’ ’  (1)
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where, V V V V V V V VABCS AS BS CS
T

XYZ XS YS ZS
T= =, ,’ ’ ’ ’  i i i iABCS AS BS CS

T= ,  
i i i iXYZS XS YS ZS

T’ ’ ’ ’ ,=  r diag r r r r diag r r rabcs as bs cs xyz xs ys zs� �� �� � �� ��, ’ ’ ’ ’ VABCS are 

the three-phase or line voltages across the abc winding,VXYZS
’  are 

the three-phase voltages across the xyz winding referred to the abc 
winding, iABCS are the 3-phase currents drawn by abc winding, iXYZS’  
are the 3-phase currents drawn by the xyz winding referred to the 
abc winding, rabcs are the winding abc resistance, rxyz’  are the wind-
ing xyz resistance referred to the abc winding, and T is the transpose 
matrix. The per-phase currents, iabcs and ixyzs’  are respectively equal 
to line currents, iABCS and iXYZS’  since the machine is star connected. 
The dual inverters have a common DC bus voltage, Vdc. The dual line 
voltages are represented as VAS, VBS, VCS for inverter 1 and V V VXS YS ZS

’ ’ ’, ,
for inverter 2, while the dual per-phase voltages are also represented 
as Vas, Vbs, Vcs for inverter 1 and V V Vxs ys zs

’ ’ ’, ,  for inverter 2, as also shown 
in Fig. 1.

The change of variables that formulates the transformation of the 
two three-phase variables of stationary circuit elements to the arbi-
trary reference coordinates can be written as [4, 15]:

f K f
f K f

qdo s ABCS

qdo s XYZS

1

2

�
�

�
�
�

��
’ ’�

 (2)

f can be a representation of current, voltage, or flux linkage and the 
established Robert H. Park transformation equation, Ks is written as [15]:
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The angular position and velocity of an arbitrary reference coordi-
nate as:

� �r rd dt� /  (3)

The inverse Robert H. Park transformation equation is:
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The split-winding stator winding resistances are equal in every 
respect; hence, rabcs = rs1 for winding set abc while r rxyz s

’ ’= 2 for wind-
ing set xyz referred to abc winding. Applying Park’s transformation 
equation to (1), the voltage equation in the rotor reference coordi-
nate with ω = ωr for VABCS yields:

V r i
V r i

V r

q
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s q
r

r d
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d
r

s d
r

r q
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 (5)

In the same vein, Robert H. Park transformation is also applied to (4) 
VXYZS

’  with the incorporation of stator winding arbitrary displace-
ment angle, ξ, and written as:
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The inverse Park’s transformation equation is:

Fig. 1. The topology of the dual inverter-fed split-phase IPMSM.
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Applying Park’s transformation equation to (1), the voltage equation 
in the rotor reference coordinate

With ω = ωr for VXYZS
’  yields:
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The armature winding inductances put forward by [8, 9, 16] are:
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Where Labc is the self-inductance of the first set of the split-phase 
winding, abc. The self-inductance, Lxyz of the second split-phase 
winding set, xyz is:
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The mutual inductance between the split-phase stator windings is:
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Mutual slot-leakage inductance matrix is:
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Transforming the inductances to q – d reference frames in order to 
eliminate time-varying inductance yields the stator flux linkage in a 
compact matrix form as:
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The stator flux linkage equations of the machine in simplified matrix 
form are:

�
�
�

q
r

d
r

o

q

d

ls

q
r

d
r

o

L
L

L

i
i
i

1

1

1 1

1

1

1

0 0
0 0
0 0

�

�

�
�
�

�

�

�
�
�
�
�

�

�
�
�

�

�

�
�
�

�

��

�
�
�

�

�

�
�
�
�

� �
�

� �

�

�

L L L
L L L

L L L

lm mq lqd

lqd lm md

lax lay laz

’ ’

’ ’

0
0

0 0

��
�
�

�

�

�
�
�

�

�

�
�
�

�

�

�
�
�
�

�

�

�
�
�

�

�

�
�
�

i
i
i

q
r

d
r

o

m
r

2

2

2

0
1
0

’

’ ’�
 (15)

�
�
�

q
r

d
r

o

lm mq lqd

lqd lm md

lax

L L L
L L L

L

2

2

2

0
0

0 0

’

’

’ ’

’

�

�

�
�
�

�

�

�
�
�
�

� �
�

�� �

�

�

�
�
�

�

�

�
�
�

�

�

�
�
�

�

�

�
�
�
�

L L

i
i
i

L
L

Llay laz

q
r

d
r

o

q

d

ls

1

1

1 2

0 0
0 0
0 0 ’

��

�

�
�
�

�

�

�
�
�

�

�

�
�
�

�

�

�
�
�
�

�

�

�
�
�

�

�

�
�
�

i
i
i

q
r

d
r

o

m
r

2

2

2

0
1
0

’

’ ’�
 (16)



Electrica 2024; 24(3): 693-709
Eze et al. Modeling of Dual Inverter-Fed Split-Phase IPMSM

697

where L L cos L Llm lax lay laz
’ � � ��
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denotes the cross-mutual coupling inductance between the d and 
q axes of the stator windings, and �m

r
md m mL i i’ ’ ’;�  is the equivalent 

magnetizing current of the rotor permanent referred to the stator 
side. It is worthy to note that L L L and L L Lq ls mq ls l lm� � � �1 1 1

’  and 
L L Ld ls md� �1  and L L Lls l lm1 1� � ’ .  The same principle is applicable to 
the second winding set. The summary of the flux linkage equations 
using (15)–(16) considering Llqd’ = 0  [17] because the arbitrary wind-
ing angular displacement, ξ, is zero or split-phase stator windings are 
phase-shifted zero electrical degree is:
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 (17)

The common mutual leakage inductance Llm’ accounts for the mutual 
coupling due to the leakage flux between stator split-phase wind-
ings occupying the same stator slot. It depends on the winding angu-
lar displacement between the stator split-phase winding sets and 
pitch and has a significant impact on the harmonic coupling between 
them. However, ignoring this parameter has no significant effect on 
the transient state, except for some changes in voltage harmonic dis-
tortion [18]. If Llm’  is neglected in the system, (17) can be simplified  
for the sake of formulating the equivalent circuit and rewritten as:

�

�

q
r

ls q
r

mq q
r

q
r

d
r

ls d
r

md d
r

d
r

L i L i i

L i L i i

1 1 1 1 2

1 1 1 1 2

� � �� �
� � �� �

’

’ ��

� � �� �
� �

�

�

�

m
r

q
r

ls q
r

mq q
r

q
r

q
r

ls q
r

mq

L i L i i

L i L

’

’ ’ ’ ’

’ ’ ’

2 2 2 1 2

2 2 2 ii iq
r

q
r

1 2�� �

�

�

�
�
��

�

�
�
�
� ’

 (18)

The parameters Ld, Lq, Lmd, Lmq are the direct axis inductance, quadra-
ture axis inductance, direct axis mutual inductance, and quadrature 
axis mutual inductance, respectively. Combining (5), (8), and (18) 
appropriately results in the dynamic equivalent circuit of the model; 
hence the equations:
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 (19)

Fig. 2a and 2b suggest the dynamic state equivalent circuits appro-
priately coined from (19).

For a balanced three-phase system, the zero-sequence components 
of currents and voltages are equal to zero [8, 9].

Fig. 2. (a) q-axis equivalent circuit (b) d-axis equivalent circuit.
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B. Development of Dynamic Electromagnetic Torque
The total input power into the machine is given by:

P V i V i V i V i V i V iin AS AS BS BS CS CS XS XS YS YS ZS ZS� � � � � �’ ’ ’ ’ ’ ’  (20)

In qdo term the input power is given as:
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Substitution of (5), (8), and (17) into (21) yields:
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The first term represents the Ohmic losses, the second term rep-
resents the rate of change of exchange of magnetic field energy 
between the split-phase stator windings, while the third term 
represents the rate of energy conversion to mechanical work. 
Electromagnetic torque, Te is:
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where ωm is the mechanical speed. Substituting (24) into (23) yields:
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Substituting (17) into (25) yields:
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The result of this derived electromagnetic equation shows that Llm’  
does not contribute to the torque development and therefore can 
be neglected in the model as stated earlier. The first component of 
(26) represents reluctance torque developed due to stator wind-
ing abc, the second component represents the reluctance torque 
developed due to stator winding xyz, the third and fourth compo-
nents represent torque developed due to interaction between stator 
windings abc and xyz, while the fifth component represents excita-
tion torque developed from the field of the embedded permanent 
magnet. The equations describing the mechanical parts of the split-
phase machine are:
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Where Bm, J, p, and TL are the viscous friction coefficient, moment 
of inertia, number of poles of the machine, and load torque, 
respectively. The parameters of the machine are given in Table I [9].

C. The Dynamic Modeling Differential Equations of the Machine
A precise machine model is essential since the machine behav-
ior depends on the mathematical equations describing it. 
Since the machine windings are symmetrical, it is assumed that 
i i and i iq
r

q
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d
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1 2 1 2= =’ ’ .  Besides (27), other differential equations 
describing the dynamic modeling of the machine using equations 
(5), (8), and (18) in state-space form noting that ��m
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The derivatives of the stator flux linkages can be written in state-
space form as:
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TABLE I. SPLIT-PHASE INTERIOR PERMANENT MAGNET SYNCHRONOUS 
MOTOR PARAMETERS

Rated power (KW) 20

Rated speed (rpm) 1500

Number of poles 4

Stator resistance (Ohm) 0.45

Ld, d – axis inductance (mH) 6

Lq, q – axis inductance (mH) 16.9

moment of inertia (kg.m2) 0.01

Viscous friction coefficient (N.m.s/rad) 0.01

Permanent magnet flux (Wb) 0.51

Lls, stator winding leakage inductance (mH) 1.00

dc bus voltage (V) 500
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III. THE INVERTER-FED SPLIT-PHASE IPMSM USING SPACE 
VECTOR MODULATOR

Due to the non-self-starting characteristics of the split-phase IPMSM 
[6], it is energized with two independent inverters of the same rat-
ing using Space Vector Modulator (SVM). The maximum possible 
per-phase output voltage of the carrier-based pulse width modula-
tion technique is limited to 0.5Vdc, while the maximum possible line-
to-line output voltage of the carrier-based pulse width modulation 
technique is limited to 3 2 19/ .Vdc �� ��  The main drawback with the 
three-phase carrier-based pulse width modulation inverter con-
cepts is the minimized peak fundamental output line-to-line voltage 
3Vdc  that can be achieved compared to the available and limited 

DC bus voltage. This drawback has important implications for motor 
drive applications, where it is very desirable to use a rated voltage in 
variable speed motor drive applications [20]. In SVM, the relationship 
that constrains the peak possible magnitude of output per-phase 
voltage, Vo is [20]:

V V Vo dc dc= =
2 3
3

2
3

 (36)

while the peak possible line–to–line output voltage using SVM must 
equal [15]:

V V Vl l o dc� � �3 2  (37)

This analysis shows that a 15% increase in modulation index can be 
achieved using SVM. With this full utilization of DC bus voltage, the 
dual three-phase SVM inverter-fed split-phase IPMSM can now run 
at rated load torque without derating. A summary of merits of SVM 
technique over carrier-based pulse width modulation is given in ref-
erence [21]. The operation of top and bottom switches is comple-
mentary. The split-phase IPMSM stator voltage vectors expressed 
in the stationary reference coordinate can be secured by using the 
appropriate switching states and the common DC link bus voltage, 
Vdc, as:

V V S aS a S

V V S aS a S

abcs dc a b c

xyzs dc x y z

� � �� �
� � �� �

�
�
�

�

2 3

2 3

2

2

/

/’ ’ ’ ’��
 (38)

a = j2π/3. A simple proof of (38) can be obtained as an explicit con-
sequence of the physical fact that the split-phase IPMSM stator line 
voltages can be written as:
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Howbeit, the split-phase IPMSM stator per-phase voltages can be 
obtained from (39) as:
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Substituting the expressions of the stator line voltages into the sta-
tor per-phase voltages gives:
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This two identical dual three-phase SVM method of (41) is utilized to 
generate gate pulses for the dual three-phase voltage source invert-
ers powering the split-phase IPMSM. Considering the split-phase 
IPMSM stator per-phase voltages, the stator space voltage vectors 
are:
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The primary line voltages are determined by the status of the 
switches of the identical dual inverters. Therefore, there are eight 
voltage space vectors each for the dual inverters, which are:

V V V V V andV1 2 3 4 5 6100 110 010 011 001
ur uru uru uru uru
� � � � � � � � � �, , , ,

uuru
101� �  for active 

voltage space vectors while V andV0 7000 111
uru uru
� � � �  for the zero volt-

age space vectors. Here, 0 represents that the bottom switch is 
“OFF” while 1 represents that the top switch is “ON.” Switching ON 
the inverter switches in any given legs S S Sa bor c,� � and S S Sx y or z,� �  
will short the circuit and therefore should not be attempted. The 
inverters are controlled in such a manner that in a given leg of the 
dual identical inverters, either the top switch S S or S1 3 5,� �  is ON and 
the bottom switch S S or S4 6 2,� �  is OFF or vice versa for inverter 1; 
similarly for inverter 2, either the top switch S S or S1 3 5

’ ’ ’,� �  is ON and 
the bottom switch S S or S4 6 2

’ ’ ’,� �  is OFF or vice versa. The inverter 1 

switching variables for the first switching state can summarily be 
defined as:
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1 4
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while the inverter 2 switching variables for the first switching state 
can also be summarily defined as:
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Fig. 3 shows the switching pattern, and the values of the switching 
functions are also represented together with the exact switching 
positions.

A. Dynamic Simulation of Split-Phase IPMSM
The machine under this study is not a line-start IPMSM but an 
inverter-fed IPMSM. The machine is simulated using MATLAB. The 
battery bank DC bus voltage is 500 Vdc. The model is conducted 

under the over-modulation range by virtue of SVM. The results are 
shown in Fig. 4a to 7g.

IV. STEADY-STATE ANALYSIS OF THE SPLIT-PHASE IPMSM

If r r rs s s1 2 0= = =’  and the frictional and windage losses are neglected, 
then the electrical power into the machine equals the mechanical 
output power of the machine [22], hence:
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Where ωr is the synchronous speed. At steady-state, all the differen-
tial terms are equated to zero. The balanced instantaneous power 
into the split-phase IPMSM is:
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In the rotor reference coordinate, the stator q – d voltages become 
constant voltages:
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 (51)

Fig. 3. The dual inverters switching patterns.
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where � � �r m
r

r md m pmL i E� �’ .  If rs1 and rs2’  are by far less than the 

reactances, solving for I I I and iq
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The magnitudes of the split-phase per-phase stator currents are:
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 (54)

while the magnitudes of the split-phase per-phase stator voltages 
are:
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 (55)

Substituting (51) and (53) into the power equation of (50) and sim-
plifying yields:
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(56)
Finding an expression for the steady-state electromagnetic torque 
from (49) yields:
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r

s�
�

�
�

�

�
� � �

2
2

�
�

 (57)

Substituting (56) into (57) yields:
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The torque equation of (58) has two components: the first term is 
the excitation torque, while the second and third terms represent 
the reluctance torque.

A. The Copper Loss and Efficiency of the Machine
The copper loss due to the split stator windings when the stator 
winding resistances are equal is:

Copper loss, P r I I I Icu s q d q d� �� � � �� �� �3 1
2

1
2

2
2

2
2’ ’  (59)

Substituting (53) into (59) yields:
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B. The Steady-State Equivalent Circuit of the Split-Phase IPMSM
At steady state, the derivative terms in (5) and (8) will be zero. 
Neglecting zero-sequence equation variables, the voltage equations 
are:
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These voltages are related to the synchronously rotating phasors, Vas 
and Vxs

’  as:
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Also, the currents are related to the synchronously rotating phasors, 
Ias and Ixs’  as:
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Simplifying (62) for Vqr1  and Vd
r
1 and incorporating (17) into it, noting 

that Llm’ = 0 yields:
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Simplifying V jVq
r

d
r

1 1−  from (65) and substituting i jiq
r

d
r

1 1−  from (64) 
into it yields:
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Recall from (64) that
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Substituting (67) into (66) by noting that V jV V eq
r

d
r

as
j

1 1� � � � and solv-
ing for Vas yields:
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Simplifying (62) Vqr2’  and Vd2’  also incorporating (17) into it, noting 
that Llm’ = 0 results in:
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Fig. 4. (a) Stator winding abc phase currents during healthy state. (b) Stator winding xyz phase currents during healthy state. (c) Stator winding 
abc phase currents during fault condition.
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Simplifying V jVq
r

d
r

2 2
’ ’−  from (69) and substituting I jIq

r
d
r

2 2
’ ’−  from (64) 

into it results in:
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Substituting (67) into (70) by noting that V’q2 – jV’d2 = V’xse-j(δ-ξ) and solv-
ing for V’x2 yields:
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Multiplying (71) by ejξ yields:

V e r jX I e jX I I e Exs
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where speed voltage, E X I I e X I I e E ea md d
r

d
r j

mq d
r

d
r j

pm
j

2 1 2 1 2� �� � � �� � �’ ’� � �  equal 
to  each other, hence; Ea1 = Ea2 = Ea Equations (68) and (72) suggest 
the steady-state equivalent circuit of the split-phase IPMSM shown 
in Fig. 8.

The terminal voltages, Vas and are taken as the reference phasors in 
constructing the phasor diagram. The corresponding values of (68) 
and (72) are used to show it as shown in Fig. 9.

C. Steady-State Simulation of Split-Phase IPMSM
The steady-state simulation of IPMSM is conducted using MATLAB, 
and the results are shown below. The results are shown in Fig. 10a 
to 10f.

V. DISCUSSION

The utilized stator line voltage from each of the SVM modulated 
inverters’ output is 1000 Vac as established in (37); that is, the AC line 
voltage to the machine is twice the DC link bus voltage, as evidenced 
in Fig. 5. With this rated line voltage level, the motor is run at its 
rated volt per hertz value without derating, which is indispensable 
in electric motor drives for EV propulsion applications. The dynamic 
modeling of the inverter-fed split-phase IPMSM is simulated at no-
load for 600 ms, and it accelerates to synchronous speed (1500 rpm) 
with damped oscillations. A load torque of 120 N.m was introduced 
to it at 350 ms when the machine had overcome oscillations and 
attained synchronous speed. The machine rotor oscillated briefly 
and later resettled at synchronous speed, as shown Fig. 6e. Fig. 4a 
and 4b show the current drawn by the healthy split-phase IPMSM 
stator winding sets. These currents are equally shared between the 
windings and are low thereby making the machine thermally stable 
and robust. The amplitude of the current drawn by the machine 
under fault condition is twice the current drawn by the machine 
under healthy condition, as shown in Fig. 4c. Since the current wave-
forms did not show significant oscillation when load was added at 
350 ms, more load torques can be tolerated without causing serious 
perturbation to the dual inverters powering the machine. Different 
torques developed by the machine include excitation torque, reluc-
tance torque, and torque developed due to interaction between 

Fig. 5. The dual inverters’ line voltages.
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the stator winding sets, as shown in Fig. 6a to 6c and summation 
of these torques yields the airgap/total torque developed by the 
machine, shown in Fig. 6d, which shows improvement compared to 

the torque developed by the machine under fault conditions. The 
development of reluctance torque by the machine due to the rotor 
pole saliency is responsible for the operation of IPMSM over a wide 

Fig. 6. (a) Excitation torque. (b) Reluctance torque. (c) Interactive torque between stator winding sets abc and xyz. (d) Airgap torque. (e). The rotor 
speed.
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Fig. 7. (a) The current harmonic distortion of the healthy system. (b) The current harmonic distortion of the system under fault condition. (c) The 
torque ripple of the healthy system. (d) The torque ripple of the unhealthy system. (e) The speed ripple of the healthy system. (f ) The speed ripple 
of the unhealthy system. (g) The DC bus voltage. 

Fig. 8. The per-phase steady-state equivalent circuit of the split-phase IPMSM.
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speed range of speeds at constant power if the motor is applied in 
electric drive operations. This phenomenon is beyond the scope of 
this manuscript. There is a reduction in the current THD spectrum, 
torque ripple, and speed ripple of the healthy system, while there 
exists an increase in current THD spectrum, torque ripple, and speed 
ripple when the system is under fault condition. This configuration 

shows that a reduction in the current THD spectrum compared to 
the configuration under fault condition is 3.19%, as deduced respec-
tively from Fig. 7a and 7b. The reduction in torque and speed ripples 
of the healthy configuration compared to the configuration under 
fault condition using THD results is 18.16% and 38.89%, respectively, 
as deduced from Fig. 7c to 7f. The operation of the machine under 

Fig. 10. (a) Steady-state characteristics of output power-load angle of the healthy configuration. (b) Steady-state characteristics of output 
power-load angle of the unhealthy configuration. (c) Steady-state characteristics of torque-load angle of the healthy configuration. (d) Steady-
state characteristics of torque-load angle of the unhealthy scheme. (e) Steady-state characteristics of copper loss-load angle of the healthy and 
unhealthy conditions. (f ) Steady-state characteristics of efficiency–load angle of the healthy and unhealthy conditions.

Fig. 9. The per-phase steady-state phasor diagram of the split-phase IPMSM.
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healthy conditions guarantees reliability, excellent efficiency, fault 
tolerance, and ensures power supply security because a failure of an 
inverter, or a stator winding set failure, or DCbus failure of an inverter 
does not tantamount to the shutdown of the entire system. The DC 
bus voltage is stable and constant throughout the simulation, even 
when load torque is introduced, as shown in Fig. 7g.

During steady-state operation, the airgap torque is the summa-
tion of the developed excitation and reluctance torques. The maxi-
mum of this airgap torque is at a load angle greater than 90°, and 
the reluctance torque component only contributes to this effect by 
affecting the maximum value of the airgap electromagnetic torque 
and the load angle at which it occurs. The reluctance electromag-
netic torque enhances the airgap torque when the load angle lies 
within the region of 90° to 180° and minimizes the electromagnetic 
torque when the load angle lies within the region of 0°–90°. For this 
reason, the operation of the machine when the load angle lies within 
0°–90° is not typically attempted, and the preferred load angle of 
operation lies affirmatively within the region of 90°–180°. The ampli-
tude of the output power and torque of the healthy system is twice 
their respective output power and torque of the system under fault 
conditions, as shown in Fig. 10a to 10d. The electrical loss calcula-
tion does not include iron and frictional losses. The copper loss in 
the machine is only contributed by the split-phase stator winding 
sets since there is no winding in the rotor, but permanent magnet. 
This leads to an improvement in the efficiency of the machine. The 
copper loss of the healthy system is very low compared to the sys-
tem under fault conditions, which is very high, as shown in Fig. 10e. 
The steady-state efficiency of the healthy split-phase IPMSM when 
there is no failure of an inverter or a DC bus failure of an inverter 
is 0.9957, while that of the system under fault condition is 0.9490 
over a wide range of load angles shown in Fig. 10f. Besides, the effi-
ciency of the healthy configuration is more stable and covers a wider 
range of load angles than the efficiency of the fault condition, as also 
seen in Fig. 10f. From the unique steady-state equivalent circuit of 
the split-phase IPMSM in Fig. 8, it is observed that two sources of 
electricity from the dual inverters are fed to the split-phase machine 
and, moreover, there exists magnetic coupling between the split-
phase IPMSM stator winding sets. The derived equivalent circuits 
are used to predetermine the performance behavior of the machine 
under different operating conditions. This configuration guarantees 

reliability and power supply security to the machine when deployed 
for electric traction drive applications. Fig. 9 shows the drawn phasor 
diagram of the split-phase machine. Table II shows the summarized 
performance characteristics of this scheme during both healthy 
and unhealthy conditions. The performance characteristics of the 
unhealthy conditions of this configuration gave the same result as 
that of an inverter-fed typical three-phase IPMSM.

VI. CONCLUSION

The study of the two independent space vector pulse width mod-
ulated inverters fed from a common DC bus powering split-phase 
IPMSM for EV applications is concluded. The machine was operated 
at the nominal volt per hertz mode with the help of typical SVM dual 
inverters. This study is conducted without any electric motor drive/
control technique, utilizing just inverter fed. From the results of this 
configuration, it can be deduced that if this configuration is adopted 
in an electric drive for EV applications and there occurs a failure in a 
machine winding set or an inverter failure or a DC bus failure of an 
inverter, the second one can continue to operate without any sig-
nificant change but an adjustment of the torque command value is 
needed to be half of the rated value since the machine can no longer 
by default develop the rated torque. The dynamic analysis is derived 
with the inclusion of mutual leakage coupling inductance between 
the split-phase stator winding sets. The results obtained in this split-
phase machine by q-d and steady-state analyses are in good agree-
ment. This configuration is more cost-effective than mechanically 
coupling two three-phase IPMSMs together since they develop an 
equal amount of torque. The significance of this study in a practical 
environment is that the application of this scheme for EV propulsion 
will ensure guaranteed power supply security from the dual invert-
ers to the split-phase machine, high efficiency, fault tolerance, and 
high power and torque densities which are the demerits of the tra-
ditional three-phase machine. Moreover, the machine can be oper-
ated over a wide speed range of speeds at constant power within the 
limited DC bus battery bank voltage. Another inherent advantage of 
this scheme in the practical world is the reduced power electronic 
component ratings, which constitutes enormous challenges in high-
power drive applications [3]. In this respect, the configuration can be 
adopted as an alternative to electric drive systems using multi-level 
converters.

TABLE II. SUMMARIZED ANALYSIS OF PERFORMANCE CHARACTERISTIC FEATURES OF THE STUDY

The configuration under healthy conditions The configuration under unhealthy conditions

The current drawn by the machine windings is less and is shared equally between 
the winding sets, thereby making the machine thermally stable and robust.

The current drawn by a machine winding is high, thereby making the 
machine thermally unstable and unrobust.

The amplitude of the current drawn by the healthy system is half of the current 
drawn by the unhealthy system.

The amplitude of the current drawn by the unhealthy system is twice the 
current drawn by the healthy system.

The efficiency, torque, and power densities are higher. The efficiency, torque, and power densities are lower.

Power supply security is guaranteed. Power supply security is not guaranteed.

The configuration has fault tolerance The configuration does not have fault tolerance

The current harmonic distortion spectrum, torque ripple, and speed ripples are 
low.

The current harmonic distortion spectrum, torque ripple, and speed ripples 
are high.

The dc voltage utilization is in obedience to the SVM principle. The dc voltage utilization is also in obedience to the SVM principle.

The copper loss is low. The copper loss is very high.
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