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ABSTRACT This paper proposes two permanent magnet vernier machines (PMVM) operation modes, for
wide-speed and high efficiency operation. In mode-1, the machine operates as a conventional PMVM with
a wye connected stator winding mode. In mode-2, the machine stator winding is switched to a wye-delta
winding mode. Contrary to the existing dual-inverter PMVM topology with two additional bidirectional
thyristor switches, the proposed topology utilizes a single inverter with six additional bidirectional thyristor
switches to change mode. A theoretical discussion of the proposed idea is further verified via finite
element analysis (FEA) simulations. The basic electromagnetic characteristics, such as the flux linkage, back
electromotive force, torque, and phase voltages of the machine are investigated using wye and wye-delta
stator winding configurations, and subsequently, compared with the existing topology that used a dual-
inverter PMVM. The FEA results show that the proposed PMVM has low over-all losses, consequently
resulting in improved efficiency compared to the existing topology. The speed increases by almost 9 times
using the proposed single-inverter PMVM. Transient analysis using FEA is also conducted in this paper.

INDEX TERMS High-efficiency, permanent magnet vernier machine, wide-speed range, wye-delta mode

switching.

I. INTRODUCTION

Permanent magnet vernier machines (PMVMs) have earned
significant research attention due to their special operating
principle, referred to as the ‘“‘magnetic gearing effect” [1].
Usually, PMVMs have higher number of rotor pole pairs
compared to stator pole pairs and their operating frequencies
are higher as compared to the general permanent magnet syn-
chronous machines (PMSMs). A high operating frequency
leads to a high reactance in the PMVMs, resulting in a low
power factor. Therefore, an inverter with high rating is gener-
ally needed to drive the machine. PMVMs produce almost
twice the back electromotive force (EMF) of conventional
PMSMs, and thus, produce a higher torque density. This fea-
ture has made PMVMs a promising successor in direct-drive
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applications, such as electric vehicles (EVs) [2]. EVs are
environmentally friendly and thus a considerable amount of
research has been conducted to improve the equipment used
in EVs [3]-[5].

Since the beginning, many novel topologies have been
presented for increasing torque density in PMVMs [6]-[13].
PMVMs generally have low power factor issue. Numerous
topologies have been proposed to address them. Dual-stator
spoke-type vernier machines are presented for high-torque
density and high power factors owing to their flux focusing
effect [14]-[16].

A wide-speed range with constant power and high machine
performance has always been the topic of interest for many
researchers, considering EV applications. The wide-speed
range operation of non-salient PM machines using winding
switching was proposed in [17]; while winding switching for
PMVMs was proposed in [18] to achieve a wide-speed range
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operation. In [18], before winding switching, the machine
acted as a conventional three-phase PMVM. After winding
switching, the inductance and back EMF of the machine
decreased, and a wide-speed range operation was achieved.
However, the efficiency of the machine was low during this
operation. In [19], turn switching, and winding switching
have been proposed for PMVM:s to improve efficiency during
wide-speed range operation for EV applications. This tech-
nique improved the low-efficiency problem associated with
that of [18]; however, the tradeoff was increased cost due to
the additional eight switches and dual-inverter topology.

Some researchers proposed changeover schemes: series-to
parallel [20]-[23], wye-to-delta [24], [25], and tapped recon-
figuration winding schemes [26]. A combined wye-delta
connection was used in axial flux PM machines to increase
their performance [27]; the output torque increased due
to the increased winding factor and thus the efficiency
ultimately increased. In [28], a hybrid wye-delta connec-
tion for a high voltage induction motor was described,
to improve the efficiency of the machine. The performance
of a conventional wye and combined wye-delta connected
winding was analyzed and compared in a synchronous reluc-
tance motor (SynRM) in [29]. In this literature, compari-
son was conducted for both normal and faulty conditions.
The electromagnetic performance, compared to conventional
three-phase wye winding configuration, was improved by
combining the wye—delta stator winding configuration. Four
prototype SynRMs were compared with identical iron lami-
nation stacks in the stator and rotor [30]; the torque and effi-
ciency were improved compared to the conventional machine.

This paper proposes two modes of operation for a PMVM:
in mode-1, stator windings are connected in a wye con-
figuration; in mode-2, the stator winding is switched to
the wye-delta configuration for improved efficiency and
wide-speed range operation. The machine achieves high
torque in the low-speed region by configuring the machine
stator winding as wye-connected and can obtain a wide-speed
range by configuring the machine stator winding as wye-
delta connected. A theoretical discussion and finite element
analysis (FEA) were performed. The FEA results of the basic
EMF, power, efficiency, and wide-speed range operation are
compared with those of the existing dual-inverter PMVM
topology.

Il. MACHINE TOPOLOGY WITH WINDING
CONFIGURATION AND WORKING PRINCIPLE

A. MACHINE TOPOLOGY

The outer rotor machine topology of the PMVM has been
designed to show its wide speed-range characteristics, using
wye to wye-delta switching, as shown in Fig. 1. The outer
rotor topology can be directly coupled with the wheel of
a small EV, which can result in a direct-drive machine for
EV applications. The designed PMVM has a 24-slot stator,
46-pole outer PM rotor, and 2-pole stator armature winding.
The winding configuration for the existing topology is shown
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FIGURE 2. Winding configuration [18] (a) existing topology
(b) cumulative mode (c) differential mode.

in Fig. 2(a) [18], while the cumulative and differential modes
are shown in Fig. 2(b) and Fig. 2(c), respectively. The winding
configuration of the proposed topology is shown in Fig. 3(a),
and its two modes, specifically the wye and wye-delta mode,
are shown in Fig. 3(b) and Fig. 3(c), respectively. The wye
mode was used for low-speed operation, with high-torque,
and the wye-delta mode used for high-speed operation, with
low-torque. The main parameters of the machine are listed in
Table 1.

B. WORKING PRINCIPLE

A PMVM has numerous rotor pole pairs, compared to the
number of stator pole pairs, and its operation is based on
the so-called ‘“magnetic gearing effect”’. In PMVMs, a small
movement of the rotor produces a fair amount of change in
the flux, thus producing a higher back EMF as compared to a
conventional PMSM. To produce the magnetic gearing effect,
a PMVM must satisfy (1).

Z,=Z,—P (1

where P is the number of armature pole pairs, Z, is the
number of rotor pole pairs, and Z; is the number of stator
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TABLE 1. Main parameters of PMVM.

Item Unit Value
Rotor outer diameter mm 254
Rotor inner diameter mm 202
Stator outer diameter mm 200
Stator inner diameter mm 120
Stack length mm 70
Rated speed rpm 300
Rated torque Nm 16.9
Rated Current A 1.5
Rated Power W 530.9
Rated Voltage \Y% 246.6
Rotor PM pole pairs - 23
Stator slots - 24
Turns/phase - 280
Armature pole pairs - 1
Airgap length mm 1

m
PWM Inverter

FIGURE 3. Winding configuration (a) proposed topology (b) wye mode
(c) wye-delta mode.

slots. For this paper, P, Z,, and Z, are chosen to be 1, 23 and,
24, respectively.

The air gap flux density of the proposed topology in the
wye mode is shown in Fig. 4(a), whereas its harmonic spectra
are shown in Fig. 4(b). It can be seen that the air gap has two
major components: the 23" pole pair component and mod-
ulated 1% pole pair component. These two components are
the working harmonics and coupled with the corresponding
harmonics of the stator MMF to produce a steady torque.
Moreover, it should be noted, that both the existing and
proposed topology used ferrite magnets to maintain a low
machine cost.

In the proposed topology, the flux-weakening capability
has been widely analyzed to extend the speed range, with
supply voltage constraints. Generally, the stator winding of
a three-phase machine has one of the winding connections,
i.e., a wye or delta connection. Voltage utilization of the
delta connection stator winding is /3 times that of the wye
connection; full utilization of terminal voltage allows the
speed range to be increased, compared to the wye connection
stator winding.

VOLUME 8, 2020

0.4

o
N
1
B — .
T ——

e
=)
1

Airgap flux density [T]

o
N
1
e
—
-~

-0.4

T T T T T T T T T T T T
0 60 120 180 240 300 360
Rotor postion [Elec. Deg]

(@

0.30

Working harmonics

0.25 +

0.20

o

o

o
1

Airgap flux density [T]
o
S
1

0.05 H i
0.00 T T T |T| T

T
0 5 10 15 20 25 30
Harmonic order

(b)

FIGURE 4. Airgap flux density (a) waveform (b) harmonic spectra.

During the entire wide-speed range, the d and g-axis cur-
rents are limited by the voltage and current limitations, that
is, uyi, and iy, by neglecting the phase resistance, as defined
below:

(@Lgig)? + (@Lagia + 0Ppm)* < Ujy, @)
02415 < i 3)

where Ly and L, are the d and g-axis inductances, w is
the electrical angular velocity, ¢p,, is the permanent magnet
flux linkage, and iy and i; are the d and g-axis currents
respectively.

Considering the two types of stator winding connections
in the proposed topology. In wye mode stator winding, the
maximum available phase voltage is 1/,/3 times that of line
voltages, which limits the utilization factor of u;;,,. Hence,
the maximum constant power speed range is smaller. In wye-
delta mode stator winding, the current in the delta-connected
stator coils is 1/,/3 times of the wye-connected stator coils.
Hence, the torque is lower, whereas, the utilization factor of
i1im, iImproves, consequently resulting in improved maximum
constant power speed range. Similarly, since phase current in
the delta winding coils is 1/,/3 times that of wye connected
rated current, therefore the copper loss in the delta coils and
iron loss in the delta coils region reduces. The speed and the

194711



IEEE Access

A. Arif et al.: Wide-Speed Range Operation of PM Vernier Machines Using Wye and Wye-Delta Winding Configurations

torque constant, and phase resistance, for the wye and delta
connection coils can be summarized as follows:
resistance phase to phase (R):

wye: delta — 4 : 4/3
speed constant (k,):

wye: delta — 2,/3 : 2
torque constant (k;,):

wye: delta — 2,/3 : 2

The delta connected machine has a 1/3 times lower phase
to phase resistance compared to the wye connected machine.
Thus, copper losses are low and efficiency is high. The delta
connected machine torque could be reduced by a factor of
4/3; with the same line current.

For three-phase delta connection stator windings, triple
order EMF harmonics generate circulating current in the sta-
tor windings, and thus additional copper loss. The circulating
current copper loss in the delta-connection stator coils is a
drawback. The terminal voltage of the machine is limited by
the inverter rating, and the delta connection winding utilizes
more, compared to the wye connection. Hence, the back EMF
of the delta-connected coils could be designed larger. In an
electric machine, the electromagnetic power can be estimated
as

Pelectomagnetic = 3Bgmr 1y 4

where Bgyr is the no-load back EMF and 1, is the phase
current. In conventional medium to high-power machines,
copper losses are much larger than iron losses; therefore, the
phase current mainly affects the efficiency of the machine,
which in the delta or wye-delta stator winding connection
case is low because of the high back EMF. By decreasing
the losses, the machine produces more torque for the same
input power, and hence, the torque density increases. The
wye to delta coils ratio could be further optimized for better
performance. In the proposed topology, the PMVM operates
in two modes, i.e., wye and wye-delta modes.

The phase voltages of the three-phase machine for A and
X coil phases are given by (5) and (6), respectively [31].

dlaS 1 dlxs
— (L, +
o f( + m)
l di -1 di
+\/_(L +lm) lyv +\/_(L +lm) lzs
242 242

Vas = lasts + Las——

+ Apwe €08 (Wet) (5)
di 1 di
Vis = ixsts + Lys dl:b E(L + lm) =
p LR +f(L Ty
+ Amwe €08 (wet — /1) (6)

The ABC and XYZ variables of the machine coils are
transformed into stationary frame components ¢{, dj, g5 and
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d; using (7) and (8), respectively.

- 1 1
S T
Vs V.
ql 3 as
vil=210 V3B Vips 7
o1 1 1 1 cs
L2 2 2
! 1+/3 —1+4/3
Vs, V2 W2 V2 1y,
VELZ3] 1 -1+ 1443 V| ®
d2 - - = J
Vs 2l 2 22 22 || v
02 1 1 1 °
L 2 2 2

These stationary frame of reference equations can be trans-
formed into a synchronous frame of reference using (9).

Vo cos(0,) —sin(6,) 0 0
Ve | sin(@e) cos (6,) 0 0
quz o 0 0 cos(f,) —sin(8,)
Vs, 0 0 sin (6,) cos (6,)
Vqs1
VS
dl (9)
Vqs2
Vi

where V,; and V,y are the voltages of coils A and X respec-
tively, i,s, ips and is; are the currents in coils A, B, and
C, respectively; iy, Iys and iy are the currents in coils X,
Y, and Z, respectively; L,s and Ly, are the self-inductances
of coils A and X respectively; A, is the flux linkage due
to permanent magnets; w, is the electrical angular velocity;
L, is the magnetizing inductance; rs is the stator resistance;
and [, is the leakage inductance of the mutual component
between the two three-phase windings.

The currents of coils ABC and XYZ in the wye mode are
given as follows:

L,y = Ly = I, sinwt

Iy = Ly =1y sin (wt + 120)

Iy = Ly =1, sin(wt 4 240) (10)
where Iy, Ipy, Icy, Iyy, Iyy, and Ly are the currents in coils
ABC and XYZ, respectively, in the wye mode configuration.

The currents of winding ABC and XYZ in the wye-delta
mode are given as follows:
L,y = I, sin wt
Ipy = I, sin (wt + 120)
I.y = I, sin (wt + 240)

I
Lia = —= sin (wf — 30)

V3
I In_; (ot + 90)
) = —— SIn (w
YA ﬁ
L .
La = ~2 sin (ot + 210) (11)

V3
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where Iy a, Iy, and I;a are the currents in the delta XYZ
coils.

From Fig. 3(a), the line-to-line EMF in the wye mode is
given as:

Eyy = E, + Ex _Eb_Ey
=1+ 0.866 — j0.5 — j0.866 — 0 — j
= 3.346Ee % (12)

whereas the line-to-line EMF of the wye-delta mode, in
Fig. 3(b), is given as:

Eyann =E,—E; —Ep
=1+40.866 —j + 0.5 — j0.866
= 2.39EeP! (13)

The back EMF obtained in the wye mode divided by the
back EMF obtained in the wye-delta mode gives the flux
weakening ratio (F,,). From (12) and (13), this ratio is given
as:

Ewye(line to line)

Fy = (14)

Ewye—delta

In the PMVM, the back EMF accounts for a large portion
of phase voltages, limiting its operation for wide-speed range
operation. The inverter limit is generally determined by the
phase voltages of the machine obtained at the rated speed.
The phase voltages should not increase beyond the available
voltages of the inverter at any speed. Therefore, to use the
PMVM for wide-speed range operation, the machine was
switched from the wye mode to the wye-delta mode, which
decreased the back EMF, and hence, decreased the phase
voltages of the machine. Therefore, the speed of the machine
in the proposed topology increased.

Ill. PERFORMANCE ANALYSIS OF PROPOSED PMVM
AND COMPARISON WITH EXISTING TOPOLOGY

FEA was performed using the commercial software “Ansys
Maxwell version 19 and “JMAG version 18.1”. Initially,
the FEA results pertaining to the wye and wye-delta modes
of the machine were analyzed at a base speed of 300 rpm.

A. BACK EMF

A comparison of the back EMFs of the proposed topology and
existing topology, at 300 rpm, is shown in Fig. 5. Fig. 5(a)
shows the back EMF of the proposed topology in the wye
and wye-delta modes, with rms values of 115 V and 87.9 V,
respectively. Fig. 5(b) shows the back EMF of the existing
topology in the cumulative and differential modes, with rms
values of 115 V and 12.9 V, respectively.

While switching from the wye to wye-delta mode, the flux
weakening ratio of the proposed topology was observed to
be 1.31. However, the flux weakening ratio of the existing
topology, while switching form the cumulative to differential
mode, was 8.89. The flux weakening ratio of the proposed
topology is less than that of the existing topology, owing to
the lower drop in back EMF of the proposed topology after
mode switching.
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FIGURE 5. Comparison of Back EMFs (a) proposed topology (b) existing
topology.
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FIGURE 6. Comparison of Torques (a) proposed topology (b) existing
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B. TORQUE

A torque comparison of the proposed and existing topol-
ogy is shown in Fig. 6. Furthermore, the torque of the pro-
posed topology in the wye and wye-delta modes is shown in
Fig. 6(a), and the torque of the existing topology is shown in
Fig. 6(b). The torque ripple of the machine is low, as it is an
inherent characteristic of PMVMs. Note that the power of the
machine drops in the wye-delta mode.

Notably, after switching from the wye to wye-delta mode
in the proposed topology, the torque is reduced from 16.9 Nm
to 12.4 Nm. However, in the existing topology, the torque
was reduced from 16.9 Nm to 1.83 Nm, while switching from
the cumulative to differential mode. The torque dropped sig-
nificantly after switching in the existing topology, compared
to the proposed topology. Therefore, to maintain constant
power, armature current of the machine was increased pre-
viously, which increased copper losses and hence, affected
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the efficiency of the machine. In the proposed topology,
torque is not significantly dropped, hence, armature current
is not increased at any point beyond the rated current. There-
fore, copper losses remain same and comparatively results
in high-efficiency during wide-speed range operation. There-
fore, the proposed topology results in better performance
compared to the existing topology.
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FIGURE 7. Comparison of phase voltages (a) proposed topology
(b) existing topology.

C. PHASE VOLTAGES

A comparison of the phase voltages of the proposed and
existing topology is shown in Fig. 7. The phase voltages of
the machine in the wye and wye-delta modes of the proposed
topology are shown in Fig. 7(a), while the phase voltages
of the machine in the cumulative and differential modes of
the existing topology are shown in Fig. 7(b). In the wye
mode, the rms value of the phase voltage is 246.6 V; while
in the wye-delta mode, the rms value of the phase voltage
is 143.6V. The lower phase voltage provides an advantage
for the wide-speed operation. This means that the inverter
limit for the proposed topology is 246.6 V, which cannot
be exceeded; otherwise, permanent damage to the inverter
will occur. After switching from the wye to wye-delta mode
the phase voltage is reduced to 143.6 V, ultimately creating
the feasibility to increase the machine speed further, until
the inverter limit of 246.6 V per phase is again reached.
Once the inverter limit is reached, the machine speed cannot
be increased further. The maximum speed achieved by the
topology proposed in this paper was 2700 rpm.

Notably, the inverter limit for both topologies is the same,
i.e., 246.6 V per phase. The cumulative mode in the exist-
ing topology is the same as the wye mode in the proposed
topology; thus the electromagnetic characteristics of the wye
mode in the proposed topology are the same as those of the
cumulative mode in the existing topology.

However, the terminal voltage in the differential mode of
the existing topology was 15.5 V, which is significantly low
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compared to the wye-delta mode of the proposed topology.
Therefore, in comparison with the proposed topology, the
existing topology has extra capacity to further increase the
speed, until the inverter limit is reached. The maximum speed
achieved by the existing topology was 5400 rpm, which is
twice as high as that of the proposed topology.

D. FE-BASED TRANSIENT ANALYSIS DURING MODE
SWITCHING

Analyzing the transient’s effect at the instant of switching
from one mode to another is important, as the proposed
machine requires switching from the wye to wye-delta mode
to achieve a wide-speed range and high efficiency. Therefore,
transient simulations were performed to analyze the effect of
switching on the inverter.

Switching was accomplished in three stages to avoid any
huge spike occurring, furthermore, the controller waited for
any of the three-phase currents to reach zero before the switch
changed its state. Initially in stage 1, switches S1, S2 and
S3 were maintained off, while S4, S5, and S6 were turned
on, to put the circuit in wye mode as shown in Fig. 3(a).
For mode change in stage 2, switch S1 was turned on, and
switch S4 was turned off at current zero crossing, while the
status of the remaining switches remained the same. In stage
3, switches S2 and S3 were turned on, and switches S5 and
S6 were turned off, while the status of switches S1 and S4
remained the same to achieve the wye-delta mode configura-
tion, as shown in Fig. 3(b). The switching sequences are listed
in Table 2.

TABLE 2. Switching sequence for the mode change.

Switches Stage 1 Stage 2 Stage 3
S1 OFF ON ON
S2 OFF OFF ON
S3 OFF OFF ON
S4 ON OFF OFF
S5 ON ON OFF
S6 ON ON OFF

Fig. 8 shows the proposed topology torque in the two
modes. It can be observed that the torque is high in the wye
mode and drops as soon as the machine is switched to the
wye-delta mode. The simulation was performed for 4 elec-
trical cycles. The machine runs in the wye mode for the
first 2 cycles, but runs in the wye-delta mode for the
last 2 cycles.

The phase voltage transients of the proposed machine dur-
ing switching from the wye to wye-delta mode are shown in
Fig. 9. Note that the machine can be switched between dif-
ferent modes under running conditions. Furthermore, a drop
in the phase voltage in the wye-delta mode can be observed,
which consequently allows the machine to operate in a
wide-speed range. All simulation results shown in this paper
have been performed using the current source. Therefore, the
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FIGURE 9. Phase voltages in two modes (Transient analysis).

transient effect during switching was visible in the phase volt-
ages. At the switching instant, the peak phase voltages were
observed to increase from 360 V to 425 V, approximately an
18% increase. Moreover, the transient period is very small
(approximately a millisecond).

The transient analysis of the proposed machine shows that
the machine can be smoothly switched from the wye to
wye-delta mode, which will not damage or trip the inverter
as switching transients only appear for a short instant.

IV. WIDE-SPEED RANGE ANALYSIS
Detailed FEA simulations were performed to explore
the wide-speed characteristics of PMVMs using wye to
wye-delta switching. Notably, although the maximum speed
achieved by the existing topology was 5400 rpm, all the
comparisons in this section were performed until 2700 rpm
for the sake of clear observation between both topologies.
A comparison of torque-speed curves for the proposed and
existing topologies until 2700 rpm is shown in Fig. 10. It can
be seen that both curves are almost the same.

A comparison of the total loss in the proposed and existing
topologies is shown in Fig. 11. The losses tend to increase
with the increasing speed of the machine. This is because the
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FIGURE 10. Comparison of torque-speed curves in proposed and existing
topology.

TABLE 3. Overall comparison of proposed and existing topologies.

Parameter Proposed Topology Existing Topology
Modes Wye Wye-delta Cumulative Differential
Back EMF 115 87.9 115 12.9
V)

Torque 16.9 12.4 16.9 1.83
(Nm)

Phase 246.6 143.6 246.6 15.5
voltages

V)

Efficiency 94.4 88.4 94.4 61.7
(%)
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FIGURE 11. Comparison of total loss in proposed and existing topology.

core loss depends on the frequency, which increases as the
machine speeds up. However, the copper losses are low and
remain almost same throughout the wide-speed range. This
is because the armature current was not increased beyond
the rated point anywhere during the entire wide-speed range.
It can be observed that the total losses in the existing topology
are higher than those in the proposed topology, resulting in the
proposed topology’s higher efficiency. The core losses of the
steel can be calculated using the Steinmetz equation (15) [32]

Pc = Py + Po = KifB" + Kf*B’ (15)
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where PpP., Kj, K., B, and f, are the hysteresis loss,
eddy current loss, hysteresis loss coefficient, eddy current
loss coefficient, flux density and frequency of the steel,
respectively.

100

|
/
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Efficiency [%]
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T T T T T
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Speed [rpm]

FIGURE 12. Comparison of efficiency curves in proposed and existing
topology.

A comparison of the efficiency curves in the proposed
and existing topologies is shown in Fig. 12. In this paper,
efficiency () is calculated using (16).

n= Pou x 100 (16)
Pout + Pey + Piron
where P, Piron, and Py, are the output power, iron losses,
and copper losses, respectively. The copper losses were cal-
culated by estimating the resistance of the winding per phase
and armature currents, whereas the iron losses were calcu-
lated using FEA simulations.

Initially, it can be seen that the efficiency of both topologies
is the same until switching occurs at 600 rpm in both cases;
this can be explained as the cumulative mode in the existing
topology is connected in wye mode configuration, which is
the same as the proposed topology. Furthermore, the inverter
limit for both topologies reached 600 rpm, i.e., switching
in both topologies occurred at 600 rpm. For this reason, all
curves in this section correspond, until 600 rpm.

It can be seen that the efficiency of the proposed topol-
ogy is better than the existing topology; hence, the pro-
posed topology offers a better performance than the existing
topology. With increasing speed, the efficiency decreased
gradually owing to an increase in the machine’s core losses.
The minimum efficiency of the proposed topology at the
highest speed was 88.4%, while the minimum efficiency
of the existing topology at 2700 rpm was 61.7%. There-
fore, it is evident that the proposed topology provides better
efficiency than the existing topology, over the entire wide-
speed operation. The improved efficiency is explained by
the core losses of the proposed topology being lower than
those of the existing topology, over the entire wide speed
range. The d-axis current was used in the proposed topology
to reduce the toque in wye-delta mode to maintain constant
power, while the stator current was not increased beyond rated

194716

vale during wide-speed range operation. Utilizing the d-axis
current decreased the flux density, thereby reducing the core
losses, and ultimately resulting in high efficiency. However,
in the existing topology, the stator current was increased to
increase the torque for maintaining constant power during
entire wide-speed range operation. This is because the torque
was very low in differential mode. The core losses remained
high, furthermore, increase in stator current resulted in high
copper losses, and ultimately resulting in low efficiency com-
pared to the proposed topology.

—&— Proposed topology —<— Existing topology

1400

Power [W]

700 -

T T T T T
500 1000 1500 2000 2500
Speed [rpm]

FIGURE 13. Comparison of power speed curves in proposed and existing
topology.

Fig. 13 compares the power-speed curves of the proposed
and existing topology. It can be observed that the power-speed
curves of both topologies are almost the same. Furthermore,
machine power remains approximately constant, during the
entire wide-speed operation. However, to maintain constant
power, the torque of the machine has been decreased as
speed increased. The overall performance comparison of the
PMVM for both modes in the proposed and existing topology
is presented in Table 3.

V. CONCLUSION

This paper proposes two modes of operation for a PMVM
to improve efficiency and wide-speed range operation, using
a single inverter. In mode-1, a high torque was achieved
with the stator winding connected in a wye configuration.
In mode-2, a wide-speed range was achieved with the stator
winding connected in a wye-delta configuration. The wind-
ing switching, for changing modes, was fabricated by using
six additional bi-directional low-cost thyristor switches. The
results were compared to the existing dual-inverter PMVM
topology. The proposed PMVM showed less losses, and
consequently improved efficiency, compared to the exist-
ing topology. Furthermore, the two inverters used in the
existing topology were replaced by a single inverter in the
proposed topology, which consequently reduced the cost.
The maximum speed achieved by the proposed topology was
less than that of the existing topology; however, due to its
higher efficiency and low cost the proposed PMVM could
be a better candidate for small EVs; such as golf carts. The
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experiment of the proposed idea will be provided in future
research paper.
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