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1. Introduction

In recent years, especially in order to cope
with climate change problems, electri�cation in
traction applications through the introduction
of electric motors in various types of vehicles,
such as trains and cars, is becoming increasingly
evident. Thanks to this trend, there is a contin-
uous research into more advanced and e�cient
technologies, including the motors used in BEVs
and HEVs (battery electric vehicles and hybrids
electric vehicles, respectively). Thanks to their
high e�ciency and excellent low-speed torque,
the permanent magnets synchronous motors
(PMSM) are being more widely used in EVs.
In the study performed, a new con�guration of
this type of electrical machine was analysed,
that of open-winding motors (OW). This
kind of motor is obtained from conventional
versions by opening the neutral point of the
stator winding, usually connected in a star or
delta con�guration. In this way, two di�erent
three-phase inputs can be connected to an equal
number of independent inverters, resulting in a
dual-inverter con�guration.

2. Open-end winding motor

The open-end winding typology is obtained from
conventional AC brushless motors by opening

the neutral point on the stator winding, result-
ing in six di�erent ends. These are fed by two
independent inverters, that can be connected to
two separate or a common voltage source, as in
the con�gurations shown in Figure 1.

(a) Common DC link.

(b) Isolated DC links.

Figure 1: Analysed dual-inverter con�gurations
[1].

An energy conversion device and an energy stor-
age system, i.e. a battery and a �oating ca-
pacitor, can also be connected on the DC-link.
Con�guration with two independent DC sources
avoids the zero-sequence current that causes
high Joule losses and ripple currents in the sys-
tem. On the other hand, a single source reduces
the cost, complexity and overall size of the set-
up [1].
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The main bene�t of the open-end winding mo-
tor is that it eliminates the need for a DC/DC
converter, greatly reducing system complexity,
cost and total power consumption.
It is necessary to introduce power management
between the two sides of the motor, which op-
timises the power �ow and the use of voltage
sources, but with a higher complexity for the
control system.
On the other hand, one of the main drawbacks
of this con�guration is that it greatly increases
losses due to the switching frequency. There is
also an increase in system costs due to the higher
number of components involved and a rise in to-
tal volume.
The con�guration that will be proposed in this
study is the one shown in Figure 2, therefore
with two isolated DC voltage sources connected
to the dual-inverter.

Figure 2: System diagram with dual-inverter a
two independent DC sources.

The applied voltage at the ends of the open-end
winding motor will be given by the di�erence
between the voltage vectors us1 and us2 gener-
ated by the two inverters, as described in the
equation (1).

u⃗s = u⃗s1 − u⃗s2,

u⃗s =

√
2

3
(uAXe

j0 + uBY e
j 2π

3 + uCZe
j 4π

3 ).
(1)

The model of this type of motor coincides with
that used for conventional permanent magnet
synchronous machines, described by the system
of mathematical equations (2):

vsd = Rsisd + Ldpisd − θ̇mLqisq ,

vsq = Rsisq + Lqpisq − θ̇mLdisd + θ̇mψpm,

ψsd = Ldisd + ψpm,

ψsq = Ldisq ,

d

dt
θ̇m =

np

J
(Te − Tr),

Te = np[(Ld − Lq)isdisq + ψpmisq ].

(2)

In which, vsd, vsq, isd, isq, ψsd, ψsq are respec-
tively the stator voltage, current and �ux com-
ponents in the dq − axis, Rs is the stator re-

sistance, ψpm is the �ux generated by the per-
manent magnets and np the pole pairs, J is the
equivalent inertia, Tr and Te are the load's resis-
tant and the electromagnetic torque and θ̇m is
the derivative of the mechanical angle, between
the d-axis and the magnetic axis of the motor.
The case of an isotropic machine (Ld = Lq = Ls)
will also be considered.

3. System con�guration

In order to test whether open-end winding mo-
tors can actually be a solution for improving the
e�ciency and growth of electric vehicles, a con-
trol system must be introduced to exploit the
bene�ts and to minimise the disadvantages.
In order to do this, the control proposed in [2]
was implemented, in which a space vector mod-
ulation based on a look-up table is used for the
dual-inverter con�guration.This method is de-
signed to minimise the switching losses. More-
over, this control method is able to maximise
the output power of the motor and, at the same
time, reduce current harmonics, so as to further
minimise losses in the system.

Figure 3: Overall control scheme diagram of the
implemented solution [2].

As shown in Figure 3, the switching states of the
�rst voltage source inverter (VSI) are handled
with a six-step method according to the lookup
table 1. Based on the position of the reference
voltage, it identi�es in which of the six sectors
of the plane αβ the vector ūref is located.

Sector Ref. Voltage's Angle Switching States

I -30°≤ θ <30° [1 0 0]

II 30°≤ θ <90° [1 1 0]

III 90°≤ θ <150° [0 1 0]

IV
150°≤ θ <180°

[0 1 1]
-180°≤ θ <-150°

V -150°≤ θ <-90° [0 0 1]

VI -90°≤ θ <-30° [1 0 1]

Table 1: Inverter1 switch status according to the
reference voltage angle.
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On the other hand, the second VSI will work as a
compensation inverter with the task of balancing
the power �ow in the system. Always depending
on the angle θuref , the new components in the
stationary reference plane αβ for inverter2 are
generated, according to the relations shown in
Table 2.

Sector Compensation Vectors

I u∗α2 = u∗α − 2
3
Vdc1; u∗β2 = u∗β

II u∗α2 = u∗α − 1
3
Vdc1; u∗β2 = u∗β −

√
3

3
Vdc1

III u∗α2 = u∗α + 1
3
Vdc1; u∗β2 = u∗β −

√
3

3
Vdc1

IV u∗α2 = u∗α + 2
3
Vdc1; u∗β2 = u∗β

V u∗α2 = u∗α + 1
3
Vdc1; u∗β2 = u∗β +

√
3

3
Vdc1

VI u∗α2 = u∗α − 1
3
Vdc1; u∗β2 = u∗β +

√
3

3
Vdc1

Table 2: Components of the compensation volt-
age vector of inverter2.

The compensation voltage vector obtained will
be used in the SVPWM to get the switching
states of the second inverter, and thus the volt-
age it will generate. The control strategy anal-
ysed for the open-end winding motor will be
compared with a conventional 180° decoupled
modulation. It generates two vectors with a
magnitude equal to half the reference voltage,
but with an opposite angle, as shown in Figure 4.
They are then fed into two SVPWM calculation
modules to generate the switching states of the
dual-inverter.

Figure 4: Space vector modulation diagram of
the lookup table method and 180° decoupled
strategy.

4. System model implementa-

tion

To realise the control of the open-end winding
motor, a block diagram was used consisting of
two closed loops, one current loop and the other
speed loop, as shown in Figure 5. It is based on
the voltage equations of the system 2 to generate
the components of the stator reference voltage

vs ref .

Figure 5: Block diagram for the dq-axis stator
voltage components.

In order to obtain the currents isd ref and isq ref ,
and to comply with the operating regions of the
motor, a �ux-weakening control was used. For
speeds lower than the base speed ωb, a constant
torque zone occurs as the current isd is kept
equal to zero, while isq will coincide with the
maximum value of the stator current, imposed
by the thermal limits of the motor. Instead, with
ω > ωb, the current isd will take negative val-
ues to counteract the increase emf E induced,
while the isq will have to decrease to respect the
thermal constraint limits of the motor current.
Thus, there will also be a decrease in the elec-
tromagnetic torque.
These operating regions have been implemented
in the model via a MatLab script, and they han-
dle the value of isd ref . Instead, the isq ref cur-
rent is derived from the Te required to keep the
mechanical speed equal to the reference one.

4.1. Lookup table-based modulation

After deriving the stator reference voltage, it is
converted into the corresponding αβ reference
frame components.

Figure 6: Control system used for Inverter1.

In this way, it is possible to derive through the
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six-step method in which sector the stator vec-
tor v̄αβ is positioned, generating the switching
states of inverter1, as visible in Figure 6. The
look-up table 1 was introduced into the system
to achieve this.
Instead, a space vector PWM is applied to han-
dle the switching states of inverter2, as repre-
sented in Figure 7. It receives as input the com-
pensation voltage vector generated according to
the relationships described in Table 2.

Figure 7: Control diagram applied to Inverter2.

The two three-phase voltages generated by the
dual-inverter con�guration are fed into the open-
end winding motor model, which implements the
equations (2) and (1).

4.2. 180° decoupled SVPWM

To perform modulation using the conventional
180° decoupled scheme, the components of the
reference vector v̄s are halved to obtain two
three-phase voltages with the same amplitude
but opposite angles. As can be seen in Figure8,
they are used by the respective SVPWM to gen-
erate the switching states of the dual-inverter.

Figure 8: SVPWMs scheme for the dual-
inverter.

5. Simulations

The lookup table-based modulation was com-
pared with the 180° decoupled strategy via
Simulink simulations, using the parameters in
Table 3. These two types of control were anal-
ysed over the entire motor operating area, ob-
taining the trends shown in Figure 9. Therefore,

Parameter Name Value

Stator resistance Rs 0.1 Ω
Stator inductance Ls 0.8 mH
Permanent magnet �ux ψpm 0.5 Wb
Pole pairs np 2
Rated power Pm 180 kW
DC-link voltage Vdc 1 200 V
DC-link voltage Vdc 2 200 V
Maximum electromagnetic torque Te max 632 Nm
Base speed ωb 330.2 rad/s

Table 3: Motor and system parameters.

lookup table modulation has proved to be the
most convenient solution, as it is able to reduce
switching losses and total system complexity in
comparison to the 180° decoupled scheme.
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Figure 9: Motor quantities trends for the two
strategies analysed, for Ω<Ωb (right) and Ω>Ωb
(left)

Lastly, the proposed modulation of the OW mo-
tor was compared with that of a conventional
PMSM on a traction application, using teleme-
try data from an EV during a lap at the Varano
track.
As can be seen from the graphs in Figure 10,
the trends associated with the open-end winding
motor comply with the limits set in the operat-
ing regions and also follow the references appro-
priately, showing that the control part has also
been implemented properly.
Again, the performance of the two motor types
coincides. But, through hybrid six-step and
pulse width modulation strategy it is possible
to achieve the bene�ts of the dual-inverter con-
�guration, such as the absence of a DC/DC con-
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verter, better reliability and �exibility in the sys-
tem.

20 30 40 50 60 70 80 90 100 110 120

Time [s]

40

60

80

100

120

140

S
p

ee
d

 [
k

m
/h

]

Mechanical motor speed

OW-PMSM

PMSM

20 30 40 50 60 70 80 90 100 110 120

Time [s]

40

60

80

100

120

140

S
p

ee
d

 [
k

m
/h

]

Mechanical motor speed

OW-PMSM

PMSM

0 20 40 60 80 100 120

Time [s]

-400

-200

0

200

400

600

T
o

rq
u

e 
[N

m
]

Electromagnetic torque

OW-PMSM

PMSM

0 20 40 60 80 100 120

Time [s]

0

100

200

300

400

500

600

700

C
u

rr
e
n

t 
[A

]

Stator current absolute value

OW-PMSM

PMSM

0 20 40 60 80 100 120

Time [s]

-600

-500

-400

-300

-200

-100

0

C
u

rr
e
n

t 
[A

]

d-axis stator current

OW-PMSM

PMSM

0 20 40 60 80 100 120

Time [s]

-400

-200

0

200

400

600

C
u

rr
e
n

t 
[A

]

q-axis stator current

OW-PMSM

PMSM

Figure 10: Comparison between OW-PMSM
and a classic PMSM

6. Conclusions

In the study conducted, the open-end winding
motors were analysed and a modulation tech-
nique, based on a look-up table, was proposed
to underline the bene�ts that could be obtained
by implementing this type of motor in EVs. It
has proven to be better than the 180° decou-
pled strategy since, the use of hybrid modula-
tion combining six-step and PWM allows a lower
switching frequency of the �rst inverter and min-
imises overall losses in the system.
Furthermore, simulations have shown that by
implementing this control on a dual-inverter
con�guration,with equal performance achieved,
an improvement in e�ciency and a reduction in
complexity and cost, compared to a conventional
control system, can be obtained.
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