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ABSTRACT Over the past few years, there has been an increase in the use of open-end winding (OEW)
PMSM applications. The fault tolerance of the topology makes OEW PMSM suitable for various intermittent
operations. However, a dual inverter operation causes OEW PMSM drive schemes to exhibit high commu-
tation and ripple. This paper presents an optimized alternative fixed switching 12-sector space vector pulse
width modulation (svpwm) control for open-end winding PMSM drives. This work reduces the commutation
number without compromising drive system performance. In comparison with conventional 6-sector svpwm,
this control scheme offers three advantages. It incorporates optimal signal generation, a virtual state method
for segmenting sectors into small sectors, and alternative fixed switching methods based on sub-hexagons.
Inverters are assigned fixed voltage states based on sub-hexagon numbers. The proposed scheme was
validated in the Matlab2021b Simulink environment. Based on the simulation results, it is found that the
proposed scheme is effective for OEW PMSM. Finally, OPAL-RT (OP4500) is used to verify scheme
effectiveness. The verification of the proposed scheme indicates its effectiveness. Results obtained from

real-time hardware have ripple of 1.25% and 5% for speed and torque performance, respectively.

INDEX TERMS Fixed switching, OEW-PMSM, MTPA, svpwm, virtual state.

I. INTRODUCTION
Several applications, including electric vehicles, can be ben-
efit from PMSMs’ compact design and efficiency. Though
PMSM is highly efficient, it has drawbacks, like cogging
torque and ripples. These cause mechanical and electri-
cal failures. Cogging torque leads to vibration and wear.
Whereas a harmonic torque leads to overheating and noise.
With open-end windings (OEWs), different voltage levels
can be provided based on the ratio of the voltages on the
two sides.

Additionally, OEW PMSM can overcome the ripple when
a fault occurs on just one inverter switch or arm. This led
to the emergence of the OEW scheme as the solution to
the problems associated with high ripple caused by faults.
Multi-level inverters have revolutionized high-power and
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superior-performance industrial drive applications. In addi-
tion to being easier to implement digitally, svpwm utilizes a
DC bus more efficiently and has a lower THD [1].

Combining the benefits of svpwm and direct torque control
minimizes torque ripple. The advantage of reducing ripple is
obtained from the good steady-state performance of svpwm.
The optimal vector sequence approach reduces the harmonics
performance of classical svpwm further. Selective harmonic
rejection reduces the magnitude of lower-order harmonics.
For 11 pulses under fully loaded conditions, harmonics are
minimized in [2]. Significant factors in PMSM torque and rip-
ple performance are the number of commutated switches, the
accuracy of control signal estimation, and the timing of each
switch. Optimum control signal estimation and commutated
switch reduction can minimize these problems. In [3], a three-
level svpwm algorithm was proposed. The scheme works
like the two-level method. In addition to other performances,
svpwm reduces voltage waveform distortion [4].
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An algorithm for estimating switching time using layers
is presented in the paper [5]. As a means of calculating
switching time, a large hexagon is divided into several smaller
hexagons. Obtaining on-time is easy with svpwm when it
is dissolved into two-level modulation. A simple svpwm
based on instantaneous voltage samples has been proposed
in [6]. Zero sequence voltage reduction has a significant
impact on motor reliability [7]. It is necessary to apply a
voltage equivalent to the negative magnitude of the zero-
sequence current to eliminate the positive magnitude zero-
sequence current and vice versa if the current is positive.
As shown in [8], the OEW PMSM is controlled through
single-phase commutation. In this work, only one phase is
switched per switching period to reduce commutation. The
special control is needed for one-phase switches to control
torque and speed. The current magnitude needs to be mod-
ified. With this modification, the required response can be
achieved via a single-phase current rather than a 3-phase
current. In [9], the authors examined the performance of
OEW PMSM systems powered by a dual inverter used in
electric traction applications. In order to ensure compatibil-
ity, OEW PMSM schemes supplied by dual inverters were
compared with PMSM schemes supplied by single inverters.
Modulation approaches were proposed in [10] and [11] to
utilize svpwm modulation to minimize the common mode
voltage and sub-harmonic. A virtual vector was proposed to
reduce the complexity of the svpwm algorithm in [12].

3D-svpwm reduces the algorithm complexity and provides
the advantages of 2D-svpwm [13]. A novel svpwm with-
out considering a level number has been proposed in [14]
to reduce reference signal computation. A higher voltage
level results in better ripple performance. The modern drive
scheme uses multi-level voltage and OEW to achieve higher
torque and reliability. A benefit of OEW schemes is that the
DC link ratio between the two side inverters can be adjusted to
increase the voltage level at the output [15]. The works in [16]
and [17] describe an OEW PMSM control system using two
inverters with different DC voltages. In [18], it is suggested
that OEW PMSM drives can achieve improved ripple per-
formance by reducing their current suppression under faulty
conditions. A unified scheme uses the two terminal voltages
to determine the active voltage state of both inverters. This is
unlike the opposite scenario, where one inverter is used for
supply and the other for clamping [19]. The commutation
reduction scheme of OEW PMSM was presented in [20].
In order to achieve this, the switching period is synchronized.
The work in [21] discusses the methodology for eliminating
the zero-sequence current in OEW PMSM controlled by the
svpwm. By applying a voltage based on the zero-sequence
current’s sign, the zero-sequence current can be eliminated.

An OEW PMSM with multi-level feed is presented in [22]
and [23]. The purpose of this scheme is to improve output.
In order to reduce zero-sequence current, the neutral voltage
must be balanced. A neutral balancing is achieved by dis-
persing the reference voltage equally between two inverters.
Adding half the difference to the lower magnitude reference
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value and subtracting half from the higher magnitude refer-
ence value will yield neutral balancing [24]. The reconfig-
ured scheme is described in [25] for suppressing common
mode voltages and enhancing the reliability of an OEW-
PMSM, which is fed by an inverter. The svpwm with zero-
sequence current control is proposed for OEW PMSM in [26].
A reduction in zero sequence current can be achieved by only
using the active voltage state. A PMSM vector control scheme
based on svpwm is proposed for OEW PMSM in [27].

This paper presents an optimal alternative fixed switching
12-sector svpwm control for the OEW PMSM drive. The
three main advantages of this control scheme are stated as
follows. First, a simple MTPA algorithm is used to optimize
the current magnitude. Additionally, this control scheme uses
an effective 12-sector approach to segment the sectors to
determine dwelling times. Sector segmentation is based on
linear averages. Alternate fixed switching schemes generate
one inverter switching signal per mini hexagon using svpwm
and another by static switching. With the proposed scheme,
ripple is reduced by commutation reduction, and efficiency is
improved by MTPA. In this work, PMSM modeling is first
described, followed by OEW PMSM and its control scheme.
Finally, the report includes simulation results, experimental
verification of the proposed scheme with OPAL-RT, and a
conclusion.

Il. PMSM MATHEMATICAL MODEL

A simplified d-q axis model is used to represent PMSM.
The expression xq indicates the magnitude of the g-axis of
variable x. The variables V, i, ¥, and ws are voltage, current,
flux, and synchronous speed, respectively.

quinq+%+wsxwd
g ey
Va=RXig+—— —ws XYy
dt
The flux magnitude is obtained as shown below when mf is
magnet flux.

[ Ysa = Lg X ig + my @

Yog = Ly X g
Current is derived from (1) as shown below when L is induc-
tance.

. 1

i, = —
1

id:L—/[Vd—ind—i—wsqu]dt
d

[Vg—R x iqg — w5 x Y] dt
(€)

While the torque and speed of a motor are expressed as shown
below. When the variable P, is pole number, Te developed
torque, Ty, is load, J is the moment of inertia of the rotor,
B friction coefficient of the motor, and w;, is the mechanical
speed of the rotor.

T, = 1.5 x Py (Yrya X ig — Ygq x id)

! /(Te — T, — B x w,)dt @)

Wy = =

J
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Ill. AN OVERVIEW OF OEW PMSM AND THE PROPOSED
CONTROL SCHEME

A general representation of an optimized 12-sector svpwm
for driving the OEW PMSM drive is depicted in Fig. 1.

Switching signal
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FIGURE 1. Layout of the proposed control system.

In this study, a constant parameter approach maximum
torque per ampere is used to generate optimal current. Based
on the voltage difference between two terminals in a phase
winding, the net voltage for each phase of an OEW PMSM
is calculated. This equation determines the magnitude of the
voltages generated by both inverters based on their magni-
tudes of DC voltages and the switching signals for both invert-
ers. Thus, one has to change the ratio between the DC links
of both inverters to alter the magnitude of the voltage [28].
The variables SA, SB, and SC represent phase A, phase B,
and phase C upper switch switching signals respectively for
the first inverter. The variables SA’, SB’, and SC’ represent
phase A, phase B, and phase C upper switch switching sig-
nals for the second inverter respectively.

VAA" = SA x Vdcl — SA" x Vdc2
VBB’ = SB x Vdcl — SB' x Vdc2 5)
VCC' = SC x Vdcl — SC" x Vdc2

In the following expression, the objective function and con-
straint approach are used to define MTPA.

[ objective function, iz =/ id2 + iq2

Constraint, T,=1.5x P, x (%d X ig — Ysq X id)
(6)
Using permanent magnet flux in combination with current,

the optimal current magnitude was determined. Intermediate
variables x and iy are defined as shown below.

__ ™
- 2x (L - L) (M
ix =ig—sgn(ig) X ia

X

With the intermediate variables given in (7), it was possible
to find the optimal current on the d-q axis by using the
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following formula.

ig=1ix +sgn(iy) xid
—i)(2

2[)( +ix x sgn(ix)]’

else, id=0, forix =0

id =

Jorix #0 ®)

A reference voltage is equal to the difference between the
references of two inverters. Reference voltages for inverters
are expressed as follows.

Votﬁref = Vlaﬂref - Vzaﬁref 9

A pair of independent switching signals are used by
the OEW.

V16

\ VI4Vis*

o [

VI L

- oA vi4' _
VIT oA L«

2Vde/3

V12!
HS H6 13

FIGURE 2. Depicts the dissolution of 3-level to 2-level svpwm.

Both inverters’ switching is done based on their respective
reference voltages. Both inverter states together result in 8*8
states. There are six sub-hexagons within the main hexagon.
Sub-hexagon centers are indicated by the variables H1, H2,
H3, H4, HS, and H6. A sub-hexagon is selected in accordance
with the angle of the original reference voltage. By taking the
difference between the reference voltage and the sub-hexagon
center, the new reference voltage is determined. An angle,
sub-hexagon, and reference voltage relationship are shown
in Table 1. In Table 1, B8 and « indicate vref x cos(0) and
vref x sin(@), respectively.

The magnitude of the new reference voltage and angle is
determined as shown below.

Vrefn = Vocref2 + V/Srf;fz

— tan—1(V,
0 = tan~'( ﬂref/vmf)

(10)
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TABLE 1. Calculation of sub-hexagon voltages.

TABLE 2. Voltage state selection.

Angle H Varef Vpref sector Sub-hexagon
-30<6<30 1 B-2Vdc/3 o H1 H2 H3
30<0<90 B B-Vdc/3 a-(V3Vdc)/3 Inverter1=V1 Inverter2 =V5 Inverter1=V3
90<0<150 3 B+Vde/3 o-(V3Vde)/3 1 V7V4V45VS8 V7V1V12V8 V7V4V45V8
150<6<210 4 B+2vde/3 o 2 V7V45V5VS8 V7V12V2V8 V7V45V5VSE
210<6<270 5 B+Vde/3 o+(V3Vde)/3 3 V7V5V56V8 V7V2V23V8 V7V5V56V8
270<6<330 6 B-Vder3 o-(3Vde)3 4 V7V56V6V8 | VIV23V3V8 | VTV56V6VS
5 VTIV6V6IVS | VIV3V34V8 | VIV6V61VS
6 VIV6IVIVS | VIV34V5V8 | VIV6IVIVS
If Ts is the switching period, and n is the sector number. The 7 VIVIVI2VS V7V5V56V8 VIVIVI2V8
fOllOWng formula is used to calculate dwellmg time. 8 V7V12V2V$§ V7V56V6VE V7V12V2V8
3 X Vi x Ty x sin(npi /6 — 0) 9 V7V2V23V8 | VIV6V6IVS | V7V2V23V8
T = : : 10 V7V23V3V8 V7V61VI1V8 V7V23V3V8
Vde x sin(pi /6)
: . (11) 11 V7V3V34V8 | VIVIVI2V8 | VIV3V34V8
T, = 3 % Vi x Ty x sin® — (n — 1)pi/6) 12 VIV34V4V8 | VIVI2VIVS | V7V34V4V8
Vdc x sin(pi / 6) sector Sub-hexagon
The 12-sector svpwm switches have a switching state of 0.5, - ertlifz Vi - ertl_;fl Vs - ergr62 3
. . . . v = v = Vi —
which means .that .the switch remains on apd off during half 7 VIVIVIZVE VIVAVASVS VIVIVIZVE
of the switching time. Sub-hexagon 1, with the angle O to
30 degrees for the Vref shown in Fig. 2, has two active states: 2 VIVI2V2V8 VIVASVSVE VIVI2V2V8
V14* and V14*V15*. In this case, xy indicates the linear 3 V7V2V23V38 V7V5V36V8E V7V2V23V8
average of x and y. For the first inverter, both switching 4 VIV23V3V8 VIV36V6V3 VIV23V3V8
states are (1,0,0). For the second active voltage of the second 5 V7V3V34V8 V7V6V61V8 V7V3V34V8
inverter, the linear average of V4*(0,1,1) and V5*(0,0,1) is 6 V7V34V5V8 | VTV6IVIVE | V7V34V5V8
(0,0.5,1). Hence, for the second inverter, the switching states 7 V7V5V56V8 VIVIVI2V8 V7V5V56V8
are (0,0.5,1) and (001). This means the second switch remains 8 VTV56V6V8 VTVIZV2V8 VTV56V6V8
in the on and off position for half the switching period. 9 VIV6V61V8 VIV2V23V8 VIV6V61V8
Commutation numbers are reduced by applying alternative 10 V7V6IVIV8 V7V23V3V8 V7V61VIV8
fixed states based on sub-hexagon numbers [29]. Fig. 3 shows 11 V7VIVI2V8 V7V3V34V8 VIVIVI2V8
the switching signal for H1 and H2. 12 V7VI2V1V8 V7V34V4V8 V7V12V1V8
,;:@ N Q QO & TABLE 3. Simulation data.
e Ve O e Q R Q? e OV
Para Magnitude Para Magnitude
Lq 24.4 mH Vdc2 110 Volt
E—— speed 1500 rpm frequency (fs) 1 kHz
Ld 21.3 mH Flux (mf) 0.725 Wb
Pole 4 Resistance 1.12 Ohm
Vdcl 220 Volt Rated torque 23 Nm

FIGURE 3. Switching signal of inverter in sector one of mini hexagon H1
and H2.

Inverter 1 switching signal is kept constant in H1. On the
other hand, the switching signal of the second inverter is
determined by dwell time. In Table 2, xy represents the linear
average of x and y. This means V12 is a linear average of V1
and V2. Voltage states are selected using the scheme stated
in Table 2. There is one constant state inverter in one sub-
hexagon and one switched state inverter in the other. In sub-
hexagon HI1, for example, the first inverter has an active
voltage of V1.
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IV. SIMULATION AND RESULTS

A Matlab-2021b was used to perform the simulation. The
simulation parameters are presented in Table 3.

The diagrams in Fig. 4 and Fig. 5 show the switching signal
for both sides of the inverters taken for a time span of 0.5 sec-
onds. The signal shown in Fig. 4 represents the switching
signal for inverter 1. On the diagram in Fig. 4, SAU, SAL,
SBU, SBL, SCU, and SCL represent phase A upper switch
switching signal, phase A lower switch switching signal,
phase B upper switch switching signal, phase B lower switch
switching signal, phase C upper switch switching signal, and
phase C lower switch switching signal respectively. In Fig. 5,
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you can see the switching signal for inverter 2. On the diagram
inFig. 5, SA'U, SA’L, SB'U, SB’L, SC'U, and SC'L represent
phase A upper switch switching signal, phase A lower switch
switching signal, phase B upper switch switching signal,
phase B lower switch switching signal, phase C upper switch
switching signal, and phase C lower switch switching signal
respectively.

FIGURE 4. Switching signal for inverter 1.

1
SA'U
0
1
SA'L
0
1

SB'L
0

d
SB'L

0

1

SC'U

0
1

SC'L

0

FIGURE 5. Switching signal for inverter 2.

The simulation was divided into four parts. Simulations
were conducted by considering a fully loaded drive running
at low speed for O to 0.5 seconds. Once again, a fully loaded
motor with high-speed operation was observed for a period of
0.5 to 1 second. Between 1 second and 1.5 seconds, the torque
was reduced to see how lightly loaded motors performed at
high speed. Finally, lightly loaded conditions at low speeds
were considered between 1.5 and 2 seconds. In Fig. 6 (a),
the speed ripple varies between 416 to 420 rpm and 237 to
239 rpm in the time ranges of 0.8 to 0.95 seconds and 1.6 to
1.65 seconds. The speed ripple is calculated as a percentage
using the following formula.

0.5(max — min)

Yoripple = 100 12
orppre 0.5*(min+max)x (12)
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FIGURE 6. (a) Speed and (b) torque response.

FIGURE 7. (a) Shows the g-axis current, and (b) is the d-axis current.

The high-speed ripple percent is 0.478%, and the low-speed
ripple percent is 0.420%, based on equation (12). In Fig. 6(b),
between 0.7 and 0.9 seconds, the torque ripple varies from
20.5 to 19.5 Nm. There is aripple of 2.5% in torque. Fig. 6 (b)
and Fig. 7 (a) show that the g-axis current has a significant
effect on torque developed by torque. On the other hand,
as shown in the diagram in Fig. 7 (a) and Fig. 8 (b), the
magnitude and ripple in the d-axis current have a direct effect
on flux magnitude and flux ripple performance. The result in
the diagram shown in Fig. 7 (a) has a ripple magnitude of
6.67% in a lower speed range.

In Fig. 8, the stator current and flux magnitude are pre-
sented at different loading levels. Fig. 9 (a) shows the current
THD for a highly loaded motor at 238 rpm and 20 Nm of
torque.

THD is measured at t = 0.2 seconds for the low-
speed range and at 0.9 seconds for the high-speed
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FIGURE 8. (a) Shows the current and (b) is a flux waveform, and
() is voltage.

Fundamental (7Hz) = 4.915 , THD= 27.43%

10}
0
0 200 400 600 800 1000 1200 1400
Harmonic order
(a)
Fundamental (13Hz) = 5.301 , THD= 24.07%
10}

0 100 200 300 400 500 600 700
Harmonic order

(b)

FIGURE 9. (a) Corresponds to THD at 238 rpm and 20 Nm, whereas
(b) corresponds to THD at 417 rpm and 20 Nm.

range, respectively.

Ithp = ——— (13)
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FIGURE 10. (a) Current and (b) voltage four quadrant operation.
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FIGURE 11. Shows performance in four-quadrant operation, (a) shows
speed, (b) shows torque, and (c) shows flux response.

The harmonic component sum can be calculated in the fol-
lowing way.

o
Urup x 1) =D I, (14)
n=2

The harmonic level measures how much power is lost due to

harmonics. In order to compare harmonic power loss to total

power loss, the following formula can be used.
Pissi _ Umup x 1)  (mp)*
Piosst  (Imup x T)*+ 1> (rmp)* + 1

15)
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FIGURE 12. Real-time simulator setup.

E240
-
D 238
&
1236
295 3 3.05 3.1 3.15
Time(s)

FIGURE 13. Speed response results obtained from the simulator.

pa
T
g
=
295 3 3.05 3.1 3.15
Time(s)

FIGURE 14. Torque results obtained from the simulator.

In this simulation, the harmonic power loss ratio is 7.55 per-
cent at 238 rpm and 5.86 percent at 417 rpm for the motor
at 20 Nm load. Fig. 10 shows the drive’s performance in four
quadrants using a proposed control scheme.

In general, the simulation results from Fig. 6 and Fig. 11
indicate the scheme is effective. The diagram in Fig. 6 indi-
cates that the speed and torque ripple of this control scheme
is good. Fig. 7 indicates that to have less torque ripple,
focusing on g-axis current control is important. In addition,
the flux magnitude has a great effect on the speed ripple.
Especially for a wide speed range, control over flux has
a significant influence. Simulation results in Fig. 10 and
Fig. 11 indicate the four-quadrant operation. Fig. 11 (a) and
Fig. 11 (b) demonstrate that speed and torque ripple is small
in all quadrants. Whereas the diagram in Fig. 11 (c) shows
that flux ripple is also good.
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FIGURE 15. (a) Current and (b) flux.
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FIGURE 16. Shows the comparison of simulation and real-time simulator
results.

This control scheme produces effective performance in all
four quadrants.

V. EXPERIMENTAL VERIFICATION

Control scheme effectiveness was tested with HIL. In order to
compile and run the model on OPAL-RT (OP4500), Matlab
2018a and RT-Lab 2021.3 were used.

Fig. 13, Fig. 14, and Fig. 15 illustrate the results obtained
from the setup. The diagram in Fig. 13 shows the speed
response. As shown in Fig. 13, the ripple magnitude is 1.25%
if (12) is used for ripple computation. The proposed scheme
significantly reduces ripple speed.

Fig. 14 shows simulation results for torque. Based on
equation (12), the ripple magnitude obtained from the sim-
ulator is 5%. On the other hand, Fig. 15 shows the waveform
for current and flux. Based on equation (12), the simulator
results indicate a ripple magnitude of 9.67% is obtained for
a flux.
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The result in Fig. 13 to Fig. 15 also indicates the verifi-
cation of the scheme with OPAL-RT(OP4500). The results
indicate that the scheme is effective.

VI. COMPARISONS OF EXPERIMENTAL AND
SIMULATION RESULTS

Simulation and experimental results indicate that the pro-
posed scheme reduces speed, torque, and flux ripples. The
difference between the simulation and experimental results
is that the real-time simulator simulates the system’s actual
behavior. There is a small difference between the two results.
The diagram in Fig. 16 shows the ripple performance of the
proposed scheme.

VIl. CONCLUSION

An optimized alternative fixed switching 12-sector pulse
width modulation control for open-end winding PMSM
drives is presented in this paper. The effectiveness of the
proposed scheme is tested for variable torque, variable speed,
and four-quadrant operation. Simulation results indicate that
the speed ripple is very small in both the high and low-
speed ranges. The simulation results for the four-quadrant
operation also indicate that the scheme is effective for the
four-quadrant operation. In addition, OPAL-RT (OP4500)
verification shows the scheme to be effective. The OPAL-
RT test results showed that the proposed scheme had superior
performance, especially speed and torque ripple.
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