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An Unequal Split Dual Three-Phase PMSM With
Extended Torque-Speed Characteristics for
Automotive Application

Sandeep V. Nair

Abstract—High gradability and wide operating speed range are
critical requirements for heavy-duty trucks and off-road electric
vehicles. The motor power rating used for such applications can
be reduced by selecting a motor with a wide constant power speed
range (CPSR). However, permanent magnet synchronous motors
(PMSMs) with wide CPSR have limited overloading capability.
The operating speed range, as well as the overloading capability,
can be improved by increasing the base speed of a low CPSR
three-phase PMSM, which results in overdesign. Further, using
multigear transmission to achieve a wide operating speed range
with a low power motor increases system weight, drivetrain com-
plexity, and maintenance requirement. This article proposes a dual
three-phase interior PMSM with an unequal split winding con-
figuration and zero degree winding displacement (uneq(0-PMSM)
to extend the constant power region and improve the overloading
capability without any machine overdesign. The winding split ratio
for the proposed configuration is decided to achieve the desired
torque-speed characteristic shape for a given requirement. Further,
a transition algorithm for smooth changeover between two-winding
operation during low-speed and one-winding operation for high-
speed is also proposed. The proposed concepts are experimentally
validated on a 1.5-kW uneq(0-PMSM with 1:3 winding split ratio.

Index Terms—Dual three-phase permanent magnet synchronous
motors (DTP-PMSMs), electric vehicles (EVs), field weakening
(FW), high-speed (HS) permanent magnet synchronous motors,
winding changeover.

1. INTRODUCTION

NTERIOR permanent magnet synchronous motors
(IPMSMs) are commonly used for applications like
electric vehicles (EVs), hybrid EVs, and aircraft. Heavy-duty
electric trucks, off-road vehicles, and military vehicles have
special requirements like hill climbing, obstacle negotiation,
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hard acceleration, cross-country sprint, and high-speed (HS)
driving compared to passenger cars. [IPMSMs can achieve this
high initial traction requirement and peak power ratings with
improved efficiency and power factor. However, the maximum
operating speed of IPMSM drives are limited due to the
limitation in the dc bus voltage, which is derived from a battery
bank. Field weakening (FW) is commonly used to extend the
operating region of IPMSM. The constant power speed range
(CPSR) requirement for commercial passenger EVs are in the
range of 4-7, whereas that of heavy-duty direct drive electric
truck is up to 25 [1], [2]. This wide constant power requirement
can be achieved by appropriate machine design together with
FW. However, such motors with wide CPSR have limited
overloading capability in the HS operation when the saliency
ratio of the motor is low [3]. A high saliency ratio design results
in increased manufacturing complexity and lower mechanical
stability and, hence, is not suitable for heavy-duty EVs.

The overloading capability is high for PMSMs with low
CPSR since the FW requirement is low. However, the low CPSR
machines have alow operating speed range. The operating speed
range of a low CPSR PMSM can be improved by re-rating [4].
The re-rated machine has fewer turns with more parallel paths
than the original machine, which would increase the base speed
of the machine, delaying the start of FW. However, this results
in increase in the inverter switch current rating. DC—DC boost
converters are also used in commercial EVs to increase the dc
bus voltage, hence expanding the operating region. However, the
magnetic components of the boost converter result in additional
space and weight requirements, thus deteriorating the vehicle
efficiency.

Multiphase PMSMs are gaining popularity in EV applications
since they can expand power and speed range without any
additional magnetic components. An open-end winding (OEW)
PMSM with a floating capacitor at the auxiliary inverter is
proposed in [5], [6] to achieve an extension of the operating
speed range. However, since the auxiliary inverter supplies only
reactive power, the drive operation is halted in the event of a
fault in the main inverter or any one of the phase windings.
Dual three-phase PMSM (DTP-PMSM) also provides increased
power rating and operating speed range extension similar to
OEW PMSM with improved fault tolerance [7]. FW concept
with winding switching [8] is also used to extend the operating
speed range. In this configuration, the effective stator turns are
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Fig. 1. uneq0-PMSM obtained from reconfiguration of three-phase PMSM.

reduced by changing the circuit configuration such that a part of
the stator flux produced by the two winding sets connected in
series opposes each other. Thus, the induced back electromotive
force (EMF) of the winding reduces, increasing the base speed
of the motor. However, the drive requires two isolated dc buses
and results in additional stator copper loss since the rated stator
current flows through the entire stator coils to produce a lower
torque output during HS operation. It is to be noted that the
operation in the HS region in all the above-discussed configura-
tions are achieved using additional stator current, deteriorating
its operating efficiency.

Winding changeover between star-delta, series—parallel [9],
and their combinations [10] is also used to extend the operating
speed range without additional stator current injection during
HS operation. Further, motors with selection of appropriate
section of winding using magnetic contactors [11] and matrix
motors [12] are also used to achieve similar performance. How-
ever, these configurations necessitate a large number of ac con-
tactors/bidirectional switches to achieve the desired operation.
The matrix motor discussed in [13] requires isolated H-bridge
converters for feeding each coil. A method of electronic winding
change using a center tap in wye connected PMSM is proposed
in [14] to extend the operating speed range with a minimal
number of additional switches [two insulated gate bipolar tran-
sistors (IGBTs) and two diode bridge rectifiers]. However, in
all these configurations, the winding changeover is performed
when both the currently operating winding configuration and the
target winding configuration are operated in their own below
base-speed region, without utilizing the FW. Thus, the torque
capability available with FW region is not fully utilized with
these configurations. Therefore, a significant dip in the com-
bined steady-state torque-speed characteristics with different
winding interconnections is inevitable while using these winding
changeover techniques.

In this article, an unequal split DTP-PMSM with 0° wind-
ing displacement (uneq0-PMSM) is proposed to achieve both
extension of speed range as well as reduced FW requirement
for improved overloading capacity and efficiency in the HS
operating region. In uneq0-PMSM, the winding turns of the
two three-phase winding sets are not equal and wound with 0°
winding displacement between them. Hence, the uneq0-PMSM
is the general case of the conventional DTP-PMSM (equal turns).
The process of winding reconfiguration by which an uneq0-
PMSM is obtained from a conventional three-phase PMSM is
shown in Fig. 1 and the power circuit of the proposed drive is
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discussed in Section III (Fig. 9). In the proposed uneq0-PMSM,
when the machine speed exceeds a specific speed, the three-
phase winding set with higher number of turns [low-speed (LS)
winding] is cut off using thyristor switches. As a result, the ma-
chine operates with only the three-phase winding set with lower
number of turns (HS winding), achieving below base-speed con-
trol even in the HS operating region of the machine. The uneq0-
PMSM has a different shape of torque-speed and power-speed
characteristics compared to conventional three-phase PMSM,
enabling the high efficiency operation in the HS region. The
split ratio of winding turns can be chosen appropriately to suite
the torque-speed characteristic for a given requirement. Thus,
various torque-speed characteristics can be realized from a given
IPMSM stator and rotor by only changing the winding split ratio
using the proposed uneq0-PMSM configuration. As a result,
the designer has an additional degree of freedom to achieve the
torque-speed characteristics for a given application.

The major contributions of this article are as follows.

1) Anuneq0-PMSM drive with thyristor switches for achiev-
ing desired torque-speed characteristics for heavy-duty
transport trucks, off-road vehicles, and military trucks.

2) Extension of operating speed range with improved over-
loading capability and reduced d-axis current requirement
during HS operation.

3) A smooth winding changeover method in FW region for
complete utilization of available torque-speed character-
istics.

The performance of the proposed concepts is validated on a

1.5-kW uneq0-PMSM drive with 1:3 winding split ratio.

II. CHALLENGES IN MACHINE DESIGN FOR
MEDIUM-/HEAVY-DUTY TRUCKS AND MILITARY VEHICLES

The typical medium-/heavy-duty trucks and military vehicles
are characterized by very high tractive effort in the LS region for
obstacle negotiation and hill climbing as shown in Fig. 2 [15].
Also, the tractive effort is low for HS operations like traffic
cruising and HS highway driving. Since the speed of operation
is low during high torque demand and vice versa, a motor power
requirement of 18.6 kW /ton and CPSR of 24.7 can encompass
all these continuous operating requirements as seen in Fig. 2.
The load requirements like hard acceleration and emergency
brake are only intermittent duty and, hence, can be met by
overloading the 18.6 kW /ton machine for a short time. It is to
be noted that the motor used for such an application should have
a characteristic with a wide constant power operating region as
shown in Fig. 2. However, if the constant power operating range
of the motor used is limited, then it will result in an overdesign.
The motors with a CPSR of 12.3, 8.2, 6.1, 4.9, and 4.1 are also
able to satisfy the load requirement but requires a higher power
rating of 37.3, 55.9, 74.6, 93.2, and 112 kW/ton, respectively, as
seen from Fig. 2.

The torque-speed characteristics of the motor shown in Fig. 2
are ideal curves with a constant torque region followed by a
constant power region (hyperbolic torque curve). However, the
shape of torque-speed characteristics of an [IPMSM is dependent
on motor parameters and, hence, will deviate from the ideal
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TABLE I
PARAMETERS OF VARIOUS THREE-PHASE IPMSM DESIGNS

Par ters | Spec-1  Spec-2  Spec-3
CPSR 24.7 5.87 4.8
I3 2.6 2.6 2.6
Y p(pu) 0.4803 05183  0.5444
Li(pu) 0.4523 04067  0.3758
Lypu) 1.176 1.0574 09771
16 [ ‘ i | T b time
1.4 1® Gonfinuous | Traffic cruising 002 40 cont.
iHighway driving ~ 0.03 50 cont.
121 iLevel cross country  0.03 25 cont.

\High speed highway 0.04 70  cont.
1Cross country sprint  0.107 40 min.
| Traffic acceleration 0.2 20 sec.
\Hard Acceleration 0.5 25 sec.

[Emergency]s Emergency brake 05 50 sec. |
brake | Hill climbing 07 6 cont
" Heavy towing 10 4 min
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Fig. 2. Typical torque-speed characteristics requirement for a military
truck [15].
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Fig. 3. Parameter plane for IPMSM design.

curve. The shape of torque-speed and power-speed character-
istics of a surface-mount PMSM, IPMSM, and synchronous
reluctance motor (SynRM) can be characterized using two inde-
pendent variables: normalized flux linkage (¥g,) and saliency
ratio (&) [3], [16]. Hence, the operating characteristics like
maximum operating speed, CPSR, minimum magnet operating
point in B-H curve, and power factor at base speed are decided
by the location of the PMSM design parameters in the parameter
plane (Ug, — & plane).

Initially, three three-phase IPMSM design specifications
(spec-1, spec-2, and spec-3) with different CPSR and same
maximum torque (for satisfying high gradability) are consid-
ered in this article, which can be used for medium-/heavy-duty
trucks and military vehicles. Hence, they should satisfy the load
requirement in Fig. 2. The parameters of each design are given in
Table I. The locations of the three three-phase IPMSM designs
in the parameter plane are shown in Fig. 3. To ensure good
mechanical robustness and ease of manufacturing, a saliency
ratio of 2.6 is chosen for all designs. In this article, the base
values for normalization are selected as the inverter voltage,
rated current, and base speed of operation of three-phase [IPMSM
spec-1 with a CPSR of 24.7. Here, the IPMSM spec-1 has
the same CPSR and, hence, is equivalent to the 18.6 kW /ton
machine given in Fig. 2.
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Fig.4. Characteristics of three-phase IPMSM spec-1 with CPSR 24.7, Vi, =
1 p.u. (a) Torque-speed characteristics. (b) Power-speed characteristics.
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Fig.5. Characteristics of three-phase IPMSM spec-2 with CPSR 5.87, Viim =

3.4 p.u. (a) Torque-speed characteristics. (b) Power-speed characteristics.

Figs. 4-6 show the torque-speed and power-speed character-
istics of three-phase IPMSM designs with spec-1, spec-2, and
spec-3, respectively, superimposed with the typical operating
points for military truck given in Fig. 2. The three-phase IPMSM
spec-1 can satisfy all the continuous duty requirements without
overrating, i.e., maximum space vector voltage of the inverter
(Viim) equals 1 p.u. as seen from Fig. 4. However, no significant
improvement in developed torque at HS operation was observed
even after overloading the machine with 20X I,q and, hence,
was not able to satisfy the intermittent duty requirement. Thus,
three-phase IPMSM spec-1 is not suitable for heavy-duty auto-
motive requiring such high intermittent load capability during
HS operation.

Increasing the power rating of three-phase IPMSM spec-1
(by increasing the dc bus voltage or by motor re-rating [4])
to satisfy the intermittent duty will not be a beneficial option
compared to other designs; hence it is not considered in this
article. Both three-phase IPMSM spec-2 and spec-3 can satisfy
all the load requirements for the heavy-duty vehicle, as seen from
Figs. 5 and 6. Here, an overcurrent of 1.3 X I1aeq and 1.08 X I1ateq
is sufficient for three-phase IPMSM spec-2 and spec-3 to satisfy
the intermittent duty requirements. However, the inverter dc bus
voltage needs to be increased to 3.4 times and 4.47 times of
spec-1 while using spec-2 and spec-3, respectively.

The proposed uneq0-PMSM can satisfy all the military truck
requirements with the same dc bus voltage as three-phase
IPMSM spec-1, as shown in Figs. 7 and 8. Fig. 7 shows the
torque-speed and power-speed characteristics of uneq0-PMSM
obtained by reconfiguring the windings of spec-2 with a 1:12
winding split ratio. Whereas, Fig. 8 shows the characteristics
of uneq0-PMSM obtained from spec-3 with a 1:13 winding
split ratio. Here, the winding split ratios are decided to exactly
match the load requirement with minimal overdesign. An over-
current of 6 X Ieq is required for both uneq0-PMSM with spec-2
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Fig. 8. Characteristics of uneq0-PMSM using reconfigured spec-3 with
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TABLE II
COMPARISON OF VARIOUS IPMSM DESIGNS WITH THREE-PHASE AND
UNEQO-PMSM CONFIGURATIONS FOR MILITARY TRUCK

Parameters Spec-1 Spec-2 Spec-3
3-0 3-0 uneq0- 3-¢ uneq0-
PMSM| PMSM PMSM PMSM PMSM
Split ratio 1:12 1:13
Requirement satisfied No Yes Yes Yes Yes
DC bus voltage (pu) 1 34 1 4.47 1
No. 3-phase inverters 1 1 2 1 2
Over current req. (X Jryeqd) - 1.3 6 1.08 6
Peak power with Iryeq (pu) | 1 34 1.08 | 447  1.08
Base speed with Tiyeq (pu) 1 3.6 1.15 4.93 1.19
Max. operating speed (pu) 35.7 3049 267 26.52  27.05

and spec-3 to encompass the intermittent operating points. A
comparison of the performance of various IPMSM designs in
three-phase and uneq0-PMSM configurations for military truck
is comprehended in Table II. The advantages of the proposed
uneq0-PMSM compared to other topologies are highlighted in
gray. The detailed power structure and control system of the
proposed uneq0-PMSM drive with programmable torque-speed
capability [17] is discussed in the following section.
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Fig. 10.  Operation of the proposed uneq0-PMSM (spec-3 with 1:13 split).

III. VARIABLE TORQUE-SPEED CHARACTERISTICS USING THE
PROPOSED DUAL THREE-PHASE PMSM WITH
UNEQUAL SPLIT WINDING

The power circuit diagram of the proposed dual three-phase
PMSM with unequal turns ratio (uneq0-PMSM) is shown in
Fig. 9. The uneq0-PMSM is derived by reconfiguring only
the stator winding of a conventional three-phase PMSM. The
winding turns of the three-phase stator is split serially in an
unequal proportion to derive two three-phase winding sets. The
winding with a higher number of turns is denoted as the LS
winding, and the winding with a lower number of turns is
represented as the HS winding. The wire gauges and insulation
levels of both LS and HS windings are equal to that of the original
three-phase PMSM. The two winding sets have isolated neutrals
and are fed from two similar rated inverters with a common dc
bus, as shown in Fig. 9. Here, the two three-phase winding sets
have 0° spacial displacement with respect to each other. Two
back-to-back connected thyristors are also connected between
the inverter-1 and LS winding to disconnect that winding during
HS operation.

The operation of the proposed uneq0-PMSM is demonstrated
in Fig. 10, showing the variation of torque, power, d — g currents,
and power factor of both LS and HS windings with the motor
speed. The optimal values of reference d-axis and g-axis currents
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are obtained from a predefined lookup table (LUT). The LUT
is derived by solving the machine model in MATLAB such that
the maximum torque output is generated with a minimal current
while satisfying the voltage and current limits of the drive.

Both LS and HS windings are operated together in the below
base-speed region during LS operation to extract maximum
output torque from the machine. Since two three-phase windings
are aligned to each other, the maximum output torque with min-
imum current is achieved when the current space vectors of both
windings are also aligned. Hence, equal d-axis (14 .s=t4.5s) and
g-axis currents (Z4.1s = ?4-Hs) are injected in both windings to
achieve maximum torque per ampere (MTPA) operation, as seen
from Fig. 10. As the operating speed increases and crosses the
base speed of combined LS-HS winding operation (wisys.b),
FW is initiated in both windings by injecting more negative
d-axis current to maintain the terminal voltage of LS winding
at the maximum limit. The maximum voltage limit is set as
the output voltage at the limit of linear modulation using space
vector pulsewidth modulation (SVPWM). However, beyond a
specific speed (wrsps-max), the LS winding cannot be operated
since it exceeds the current or voltage limit even with FW. Hence,
the pulses to the back-to-back connected thyristor switches are
disabled to isolate the LS winding from inverter-1 at a prespec-
ified speed (wsich). Consequently, the power circuit changes
to a conventional three-phase configuration where only the HS
winding is operated from inverter-2. Thus, the current in LS
winding reduces to zero as observed in Fig. 10. In the proposed
uneq0-PMSM, the winding split ratio of the machine is decided
such that the base speed of HS winding operated alone (wys.p)
is greater than wysps.max- Hence, the HS winding is operated
in the below base-speed region after transition even though the
machine is operating in the medium-speed/HS region. This be-
low base-speed operation even during medium speed/HS using
the proposed uneq0-PMSM improves its overload capability and
reduces the additional d-axis current requirement compared to
conventional three-phase PMSM with high CPSR to satisfy the
similar load torque requirement. As the speed increases further,
the FW is used in the HS winding by injecting more —i,4 s to
extract its full torque capability and to achieve a wide operating
speed range, as seen from Fig. 10. The maximum operating
speed with HS winding operated alone is denoted as wys_max-
The power factor of the machine is near unity in both LS (com-
bined LS-HS winding operation) and medium-speed region (HS
winding alone operation), whenever the operation is with below
base-speed control. Hence, the machine efficiency and overload
capability are improved compared to conventional three-phase
or DTP-PMSM with high CPSR, whose major operating region
is in FW.

A. Effect of Variation of Split Ratio on uneq0-PMSM
Characteristics

Different shapes of torque-speed and power-speed character-
istics are obtained by varying the winding split ratio of uneq0-
PMSM. Fig. 11 shows various characteristics when three-phase
IPMSM spec-3 is connected as three-phase, DTP, and uneq0-
PMSM with different winding split ratios. The total number
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Fig. 11.  Variation of power-speed and torque-speed characteristics with split
ratio in uneq0-PMSM (spec-3). (a) Torque-speed characteristics. (b) Power-
speed characteristics.

of turns per phase of three-phase PMSM spec-3 is assumed
to be 14. Here, DTP-PMSM forms a subset of uneq0-PMSM
when the winding split ratio is 7:7 (equal split). The feasible
winding split ratios for uneq0-PMSM are 1:13, 2:12, 3:11,
4:10, 5:9, and 6:8 since there are 14 turns per phase. The
resulting uneq0-PMSM with 6:8, 5:9, and 4:10 split ratios has
a reduced operating area in the torque-speed and power-speed
characteristics compared to DTP-PMSM. However, with a 3:11
split ratio, the shape of torque-speed characteristics starts to
deviate from conventional three-phase PMSM. It consists of an
LS region where two windings are operated and an HS region
with one-winding operation. During the one-winding operation
(HS winding alone), the machine is operated below the base-
speed region by disconnecting the LS winding from the inverter,
extending its operating speed range compared to two-winding
configuration. This extended operation with one winding gets
more prominent with the winding split ratios of 2:12 and 1:13.
The resulting shapes of torque-speed characteristics with such
extreme split ratios fit the heavy-duty automotive requirements
discussed in Section II. The control of uneq0-PMSM with two-
winding operation is discussed as follows.

B. Control of the Proposed uneq0-PMSM

The control system for the proposed uneq0-PMSM is shown in
Fig. 12. Since the target application of the proposed drive is EVs,
the drive is controlled using sensored vector control in current
control with proportional—integral controllers. An LUT is used
to generate the optimal reference currents for both windings to
achieve MTPA operation. Since the reference currents for FW is
also programmed in the LUT, no additional controller or algo-
rithm is used to implement FW. During two-winding operation
(combined LS-HS winding), the same reference currents from
“iq—1iq LS-HS LUT” are given to d — ¢ current controllers of LS
and HS windings by selecting the switch position “0” in Fig. 12.
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During one-winding operation (HS winding alone), the switch
position is changed to “1” to choose the reference currents from
“iq—1iq HS LUT.”

“ig—iq LS-HS LUT” is implemented to obtain maximum
output torque with minimal stator current and satisfy the voltage
and current limit constraints during two-winding operation.
Since the LS winding has a higher number of turns than the
HS winding, the terminal voltage of HS winding is inherently
controlled within limits when the terminal voltage of LS winding
is limited. Hence, only the terminal voltage of LS winding needs
to be restricted within the maximum inverter capability by FW
as motor speed increases. The constraints used to derive “iq—1,
LS-HS LUT” are as follows:

D Vs < Viims Ipn < iims

2) maximize developed torque (7%).

2P . .
T, = §§(d1%q-Ls + daigns)

3 . .
X (Q\I’F + (Lima — Ling)(drigLs + dQZd-HS)) (1

32 \2

Here, Vi,.1s is the space vector voltage of LS winding, I,
is the phase current, I}, is the maximum current rating of
the machine, ¢, is the g-axis current, and 74 is the d-axis
current. d; and dy are the winding split ratios with respect to
total number of turns, where dlzms’fnﬂs; dzzmsﬂ“ims. Fur-
ther, Ipn=Ipn-rs=Iph-us, 1q=lq-Ls=%q-HS> La=%d-Ls=ld-uS- Y F,
Ly,q4, and L,,, are permanent magnet flux, d-axis magnetizing
inductance, and g-axis magnetizing inductance, respectively,
of the original three-phase PMSM. Since during two-winding
operation, rated current flows through the entire winding, the
uneq0-PMSM has the same torque-speed characteristics shape
and maximum torque as the original three-phase PMSM.

“iq—tq HS LUT” is derived considering the HS winding op-
eration alone. Let ny g and nyg be the number of turns per phase
in LS and HS winding, respectively. Since only HS winding
is operated, the machine equations are the same as that of a
three-phase PMSM with nyg turns per phase. Since the rated
current flows only through nyg turns, the shape of torque-speed
characteristics is different from the original three-phase PMSM

2P (3 . .
= (\I/qu + (Lmd - Lmq)leQ> : @
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from which it is derived, with T, ys as the maximum torque
rating. The constraints for “14—%, HS LUT” implementation are
as follows:

1) Vivns < Viims Iphens < iims

2) maximize developed torque (7¢.ys)

Tens = %g (g‘I’F-Hsiq-Hs + (Lima-ns — Limg-ns)id-usiqns

3)
where Vg ys=do V¥ p; L'md—HS:dng(ﬁ and Lmq—HS:dngq-
Here, ¥ p.ns, Lingus, and Ly, qps are permanent magnet flux,
d-axis magnetizing inductance, and g-axis magnetizing induc-
tance, respectively, of the uneq0-PMSM with HS winding oper-
ated alone.

The voltage equations of LS and HS windings of the proposed
uneq0-PMSM and the uneq0-PMSM parameter notations are
given in Appendix. The coupling voltages of the LS and HS
windings in the synchronous d — g frame are given by

efa-Ls = —We(Lis.Ls+Limg-Ls)ig-Ls
—we (Ljyy+Limg-LsHs )ig-Hs 4)

‘ , ‘
efgLs = We(Lis1s+Limdrs)idarst+we (L), +Limdsas)id-us

3
+ iwe\IJF—LS )
esa-ns = —We(Lis-us+Limg-ns )iq-Hs
—We(Lip+Lmg-Lsus )igLs 6)

. / .
efg-us = We (Lis-us+Limdns)id-us Twe (L, +Limd-1sHs ) ld-Ls

3
+ iwe\IlF—HS- (7N

The coupling voltages are fed forward to the current controller
output as shown in Fig. 12 to achieve decoupled current control.
SVPWM is used to generate gate pulses from the reference
voltages in o— 3 stationary reference frame to control the uneq0-
PMSM drive. A transition algorithm is used to obtain a smooth
changeover from two-winding operation to one-winding when
the speed increases and vice versa when speed decreases.

C. Transition From Two-Winding to One-Winding Operation
and Vice Versa

A transition from two-winding operation to one-winding is
performed at a predefined speed (wi2.cn) When the generated
torque of the machine with HS winding operated alone exceeds
the generated torque with combined LS-HS winding operation.
During one-winding operation, LS winding should be isolated
from inverter-1 using thyristor switches. However, a direct
switch-OFF of LS winding results in an overcurrent since both
LS and HS windings operate in the FW region at wjo.ch. This
condition is similar to a control interruption during FW operation
of a three-phase PMSM, resulting in uncontrolled regeneration.
Therefore, conventionally, the winding transition is performed in
the below base-speed region of operation itself in the traditional
winding changeover methods [9]-[11], [14] and, therefore, is
not able to fully utilize the machine torque capability available
with FW.
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Fig.13. Transition from two-winding operation to one-winding and vice versa.

The proposed uneq0-PMSM consists of two windings fed
from two independent inverters. Hence, in the proposed tran-
sition algorithm, an additional d-axis current is injected from
the HS winding to compensate for the decrease in the cur-
rent contribution from LS winding during the transition. The
additional d-axis current that needs to be injected from HS
winding is _%iid(o)’ where 740y denotes the d-axis current
at the changeover speed with zero torque output when both
windings were operating. Thus, the uneq0-PMSM maintains
FW even during the transition interval to achieve a smooth LS
winding turn-OFF.

The transition process is explained using various reference
currents, inverter-1 pulse enable (INV-1 pulse EN) and thyristor
enable (Thy EN), as shown in Fig. 13. The transition algorithm
is initiated whenever the operating speed crosses the predefined
changeover speed for two- to one-winding (w21_cp). The d — ¢
reference currents of LS winding and g¢-axis current reference
of HS winding are changed to zero at the transition instant, as
seen from Fig. 13. To maintain the FW operation, the d-axis
current reference of HS winding is changed to —%H:“Sid(o).
Here, —Zﬁid(o) component represents the additional current
flowing through HS winding to maintain FW and to compensate
for the loss of LS winding. Once the actual machine currents
attain near steady-state, the thyristor switches and inverter-1
pulses are turned OFF to isolate LS winding from inverter-1.
The changeover process is completed by selecting the current
reference for HS winding from “i3—i, HS LUT” to continue
the machine operation in below base-speed with HS winding
operated alone. It is to be noted that the generated torque
becomes zero for a short duration during the winding transition.
However, the performance of the considered applications in-
cluding medium-/heavy-duty trucks, military vehicles, and even
passenger cars are not affected by the short time torque dip due
to their large inertia. The duration of control transition depends
on the current controller bandwidth.

A flow diagram of the proposed transition process from two-
winding to one-winding and vice versais provided in Fig. 14.Itis
to be noted that, during two- to one-winding changeover, a delay
is provided between disabling inverter pulses as well as thyristor
pulses and change of HS winding current references. Similarly,
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Fig. 14.  Flow diagram of winding transition from two-winding operation to
one-winding and vice versa for the proposed uneq0-PMSM.

during one- to two-winding changeover, a delay is introduced
between enabling of inverter pulses as well as thyristor pulses
and change of HS winding current references. This ensures that
the high negative current reference of HS winding is not removed
before the transition process is completed.

The uneq0-PMSM with parameters given in Table IV is sim-
ulated in MATLAB/Simulink to evaluate the proposed control
as shown in Fig. 15. The motor speed is ramped up from 100
to 2570 r/min and back to 100 r/min by operating the load
induction motor in speed control and uneq0-PMSM in torque
control (which is set to achieve maximum generated torque at a
given speed). The FW of LS winding is maintained during the
winding transition from two- to one-winding and vice versa by
injecting a high negative d-axis current in the HS winding as
shown in the inset of Fig. 15(c). A smooth turn-ON and turn-OFF
of LS winding with minimum current overshoot is observed in
the LS winding phase current waveform given in the inset of
Fig. 15(e).

IV. COMPARISON OF PROPOSED UNEQO-PMSM WITH
EXISTING WINDING CHANGEOVER TECHNIQUES

The general torque-speed and power-speed characteristics
of all winding changeover techniques can be represented as
shown in Fig. 16. Here, Ti.x1 and Thaxo represent the maximum
generated torque with the highest equivalent turns configuration
and the lowest equivalent turns configuration, respectively. Also,
wp1 and wyy represent the corresponding base speeds of torque
characteristics corresponding to Ti,.x; and Thaxo, respectively.
Fig. 16 represents the torque-speed and power-speed character-
istics considering the operation of high equivalent turns winding
in below base-speed region. Fig. 17 represents the corresponding
characteristics with FW during the operation of high equivalent
turns. It is observed that a significant power dip occurs in the
power-speed characteristics in the vicinity of transition from



12444

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022

TABLE III
COMPARISON OF PROPOSED UNEQO-PMSM AND EXISTING WINDING CHANGEOVER METHODS

Winding Ref No. Inv. type No. Total Tmax W P FW1 Winding Circ. Var. rev.
changeover IGBT (no.) bi-dir eq. SW ratio ratio present OC fault current 7—w trans. to
topology switches tolerance chara  high eq.
Star-delta (9], 6 3-leg (1) E 18 1:0.58 1:1.73 0.58 Yes -
(201 No Yes No
[21] 14 3-leg (2) 0 14
Series- . i
parallel [9],122] 6 3-leg (1) 9 24 1:0.5 1:2 0.25 No No No No -
[11] 6 6 18 No
Tapped [14] 8 3-leg (1) Nil - l:x 1:% T No No Yes -
[23] 12 Nil 12 ND
Combined
tapped (101, [24] 6 3-leg (1) 12 30 1:058:0:0.58z  1:1.73:1:L73 058 No Yes Yes Yes -
and star-delta o
Five-phase [25] 10 5-leg (1) 15 40 1:0.851:0.525 1:1.17:1.9 0.851 Yes Yes Yes No No
Series-end 6] 8 4deg (1) 4 16 1:0.58 12 058  ND Yes No | No -
winding
OEW PMSM [“1333] 12 3deg 2) 2 16 1:0.58 1:1.73 1 Yes Yes No ; 1;2
Cumulative- [27] 6 18 1:0.268 1:3.73 No
diff mode [28] 6 3leg (1) 12 30 1:0.58:0.27:0.16  1:1.73:3.73:6.46 ! W W Yes ) )
;Iltzg(li/-l 12 3-leg (2) 2 16 l:x 1:% B Yes Yes No Yes Yes

ND : Not demonstrated

Pez  : Copper loss during low equivalent turns operation in p.u.
Var. T'—w chara.
FW1 present

: Ability to change the ratio of maximum torque and base speed of two windings by varying the ratio winding turns during design stage
: Ability to operate the high equivalent turns in field weakening region before changeover to low equivalent turns

Rev. trans. to high eq. : Ability for reverse transition from “low eq. turns winding” to ‘high eq. turns winding in FW region” without uncontrolled regeneration

Circ. current

TABLE IV
PARAMETERS OF EXPERIMENTAL UNEQO-PMSM PROTOTYPE

Parameter Value Parameter Value Parameter Value

Prated 1.5kW Rsis 4.8740Q Rons 1.625Q
Vie 300V YpLs 0.8684 Wb | Wp.ps 0.2894 Wb
Poles 4 Lsd1snoload 54mH Lsdnsnoload 6mH

Trated 6A LsgLsnoload  101.54mH | Lggpsmoload  11.284 mH
WHS-max 2570rpm| Lgg18-10ad 26.1 mH L gd-HS-load 2.9mH
Trated 32Nm Lgg-Ls-1oad 94.5 mH L sg-Hs-load 10.496 mH

the highest equivalent turns to lower equivalent turns operation
when FW is not utilized during high equivalent turns operation,
as shown in Fig. 16(b). This power dip could be reduced to a
large extent if the FW of high equivalent turns was possible, as
seen from Fig. 17(b).

In most of the conventional winding changeover methods,
the high equivalent turns winding is operated in the below
base-speed region, and the FW operation is not utilized. It
is to be noted that some of the methods have demonstrated
the FW operation of high equivalent turns configuration. In
such methods, a transition from high equivalent turns to low
equivalent turns is used to demonstrate the FW operation of
high equivalent turns. However, a reverse transition from low
equivalent turns to high equivalent turns is not demonstrated in
any literature, except in [18].

A reverse transition would result in uncontrolled regeneration
in the conventional winding changeover methods due to loss
of control during the changeover. At the instant of reverse
transition, the induced EMF due to permanent magnets of high
equivalent turns winding will be much higher than the maximum
voltage capability of the inverter. There will be a short interval
during the transition when the high equivalent turns winding
is connected to the inverter, and the negative d-axis current
is not sufficiently high to maintain the FW. The uncontrolled
regeneration would charge the dc bus capacitor to a high voltage

: Circulating current during delta connected operation due to triplen harmonic in back EMF.

and may also result in an overcurrent trip. Thus, it is a common
practice to use the high equivalent turns only in the below
base-speed region; so the terminal voltage is always within
the maximum inverter limit even during the winding transition.
Consequently, a significant power dip exists in the power-speed
characteristics of all conventional winding changeover methods.
In [18], even though a reverse transition to high equivalent
turns is demonstrated, explanation of how the FW is maintained
without loss of control during the transition is not provided.

In the proposed uneq0-PMSM, two separate windings (LS and
HS winding) are independently fed from two inverters. Hence,
during the reverse transition from “low equivalent turns (HS
winding)” to “high equivalent turns (LS winding) operating
in FW,” a controlled high negative d-axis current is injected
from HS-winding. This would maintain the FW and keep the
terminal voltage of LS winding within the maximum inverter
voltage capability during the transition process. As a result, the
proposed uneq0-PMSM achieves a lower power dip in the com-
bined power-speed characteristics compared to the conventional
winding changeover methods.

A detailed comparison of the proposed uneq0-PMSM with the
conventional winding changeover methods is given in Table III.
The table entries where the proposed uneq0-PMSM gives an ad-
vantage compared to any other topology is highlighted in “light
gray.” Also, the major drawbacks of the existing configurations
is highlighted in “dark gray” for easy understanding. The major
advantages of the proposed method are as follows.

1) Reduced power dip in the power-speed characteristics due
to the operation of high equivalent turns winding in the FW
region.

2) Fault-tolerant operation during an open-circuit fault in any
of the winding sets.

3) Absence of circulating current compared to delta con-
nected topologies.
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Fig. 15.  Simulation results of uneq0-PMSM with proposed changeover during
speed ramp-up and ramp-down. (a) Speed waveform. (b) Torque waveforms. (c)
d-axis current waveforms. (d) g-axis current waveforms. (e) LS winding phase
current waveform. (f) HS winding phase current waveform.

4) Improved degree of design freedom for the machine de-
signer to choose the required torque-speed characteristics
by changing the winding split ratio. Hence, the proposed
method is highly suitable to achieve the high initial starting
torque and wide operating speed range requirement of
military vehicles and medium-/heavy-duty trucks.
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5) Smooth reverse transition from “low equivalent turns” to
“high equivalent turns operating in FW,” without resulting
in uncontrolled regeneration.

In the winding changeover methods, each bidirectional switch
can be realized using two controlled switches (two IGBTs and
two diodes or two thyristors). To have a one-to-one comparison
of different winding topology, each IGBT is considered as one
equivalent switch and each bidirectional switch is considered
as two equivalent switches in all the configurations. The total
number of equivalent switches in a configuration is indicative of
the system cost and, hence, can be used for a cost comparison
of various winding changeover configurations.

From Table I, it is observed that alower number of equivalent
switches are required in [21] (14 equivalent switches), [23]
(12 equivalent switches), and [14] (eight IGBTs, two diode
bridges, and four diodes) compared to 16 equivalent switches
in the proposed configuration. However, none of these methods
can achieve all the benefits of the proposed uneq0-PMSM,
including winding open-circuit fault tolerance, reduced power
dip in the combined power-speed characteristics and variable
torque-speed characteristics during design.

V. EXPERIMENTAL RESULTS

The proposed concept is validated on a 1.5-kW uneq0-PMSM
with 1:3 split ratio with parameters given in Table IV. The
machine is also reconfigured as a 2-kW DTP-PMSM by splitting
the winding equally to compare the performance. The exper-
imental setup consists of two IGBT-based two-level voltage
source inverters, back-to-back thyristor switches and an induc-
tion motor coupled to the shaft of uneq0-PMSM for loading,
as shown in Fig. 18. The control algorithm is implemented
on Texas Instruments’ TMS320F28335 digital signal processor
(DSP) with 50-us sampling time, and the switching frequency
is selected as 5 kHz. The uneq0-PMSM is operated in torque
control, whereas the induction motor is operated with speed
control.
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In this article, an equivalent current (/q) is defined to represent
the contribution of current flowing through active conductors out
of the total conductors in the machine. I is given in terms of
phase current rms (Lph-rms) as

Conducting turns per phase

Ie = -rms X 8
a7 “ph Total turns per phase ®)

Hence, for the DTP-PMSM and uneq0-PMSM during two-
winding operation, Ioq is equal t0 Iph.rms. Whereas, when HS
winding is operated alone in uneq0-PMSM with 1:3 split ratio,
qu:ilph-rms-

Figs. 19 and 20 show the equivalent current contours plot-
ted in the torque-speed and power-speed characteristics of the
DTP-PMSM. The machine has a rated torque of 32 Nm, 2 kW
at 800 r/min and a maximum operating speed of 1500 r/min. It
is observed that a higher current is necessary to operate during
HS operation (beyond 800 r/min) compared to LS operation to
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achieve the same generated torque. This higher current demand
is due to the additional d-axis current demanded to maintain
the voltage within inverter limits by FW. The torque-speed and
power-speed characteristics when the same three-phase PMSM
is reconfigured as an uneq0-PMSM with 1:3 split ratio is shown
in Figs. 21 and 22. Here, the torque-speed and power-speed char-
acteristics have different shapes than conventional three-phase
or DTP-PMSM as explained in Section III-A. Even though the
initial torque-speed region appears similar to DTP-PMSM, the
operating region is further extended by changing the winding
configuration to HS winding alone. The one-winding operation
is characterized by a wide below base-speed operation with
constant torque followed by a short FW region, as observed
in Fig. 21. Thus, the resulting power-speed characteristic has
two peak power regions during LS and HS compared to single
peak power in conventional three-phase or DTP-PMSM. 1t is
to be noted that the peak power rating of uneq0-PMSM has
reducedto 1.5 kW compared to 2 kW in DTP-PMSM. However,
the uneq0-PMSM achieves an extended operating range up to
2570 r/min compared to 1500 r/min for DTP-PMSM. Further,
in uneq0-PMSM, since the operation with HS winding alone
does not necessitate FW for a wide speed range, the equivalent
current in uneq0-PMSM is highly reduced compared to DTP-
PMSM in HS operation as seen from Figs. 21 and 22.

_Figs. 23 and 24 show variation of estimated generated torque
(T.), motor speed (w,,), and phase currents of DTP-PMSM
and 1:3 split uneq0-PMSM, respectively. In both machines,
equal currents are injected in the two windings to achieve
maximum generated torque. For DTP-PMSM, the generated
torque decreases as the motor speed increases beyond base
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1.96 s/div; Zoom X-axis: 20 ms/div; Y-axis: Ch1: 690 r/min/div; Ch2,Ch4:
12 A/div; Ch3: 6.81 Nm/div).

speed due to FW, as seen from Fig. 23. Even with rated current
injected, the generated torque falls to nearly zero when the motor
speed reaches 1500 r/min, limiting the DTP-PMSM operation.
However, in the proposed uneq0-PMSM, the operating speed
range is extended to 2570 r/min with the winding changeover.
The generated torque decreases with speed after base speed
during the two-winding operation of uneq0-PMSM, similar to
DTP-PMSM. However, after 990 r/min, the generated torque is
maintained constant till the base speed of HS winding by discon-
necting LS winding from inverter-1 and operating HS winding
alone. Thus, the extension of torque-speed characteristics and
wide below base-speed operating region of uneq0-PMSM is
demonstrated experimentally. The smooth transition from two-
winding operation to one-winding in Fig. 24 is achieved by
injecting a high negative d-axis current (30.8 A) in HS winding
for a short duration (5 ms) as explained in Section III-C. The
d-axis current in HS winding for a smooth transition is calculated
as 4x7.7 A, where 7.7 A corresponds to the minimum value
required to maintain FW with zero generated torque while both
windings were operating together. The additional d-axis current
is reflected in the phase current (14.5 A-rms) as observed from
the zoomed waveforms in Fig. 24. The additional d-axis current
increases with a higher difference in the winding turns between
LS and HS winding. Hence, the switches and thermal rating of
the inverter should be designed to deliver this additional current
in HS winding for a short duration during the winding transition.
It should be noted that, for heavy-duty transport trucks and
military vehicles, the inverter would necessarily have a high
short-time rating for satisfying the intermittent load require-
ments as discussed in Section II.
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Fig. 26. Performance of uneq0-PMSM during speed decrease at 2.27 Nm
load with winding changeover: Chl: i4yg; Ch2: i4.15; Ch3: i4.ns; Ché: i4ps
(X-axis: 1.88 s/div; Zoom X-axis: 20 ms/div; Y-axis: Ch1,Ch3: 10.18 A /div;
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Variation of d-axis current of LS and HS winding during speed
increase and decrease at a constant load of 2.27 Nm is shown
in Figs. 25 and 26. From Fig. 25, it is observed that d-axis
current increases in both LS and HS winding as the machine
speed increases beyond the base speed of combined LS-HS
winding operation due to FW. However, once the operation
changes to one-winding at 990 r /min, the d-axis current demand
decreases drastically since the machine with only HS winding
active operates in the below base-speed region. The winding
currents of LS winding become zero after it is disconnected from
inverter-1 using the thyristor switches, as seen in Fig. 25. As the
machine speed increases further, FW is initiated in HS winding
by injecting a higher d-axis current to reach the final speed
of 2570 r/min. Injection of additional negative d-axis current
in HS winding during the winding changeover is observed in
the zoomed waveforms of Figs. 25 and 26. Thus, a seamless
transition from two-winding to one-winding and vice versa with
controlled currents is achieved in the proposed uneq0-PMSM.

Steady-state operation of uneq0-PMSM at 990 r/min at full
load is shown in Fig. 27. The modulation index of LS winding is
nearly three times the HS winding since the winding split ratio
of uneq0-PMSM is 1:3. Also, the phase currents of LS and HS
winding are equal in magnitude and phase and are nice sinusoids
without any significant lower order harmonics.

VI. CONCLUSION

In this article, an unequal split DTP-PMSM with 0° winding
displacement (uneq0-PMSM) operated with two inverters with
a common dc bus and two back-to-back thyristor switches is
proposed for improved performance of medium-/heavy-duty
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trucks and military vehicles. The uneq0-PMSM has a better
overload capability than high CPSR three-phase PMSM and
reduced power rating than low CPSR three-phase PMSM for
satisfying the same load requirement. Further, the shape of
torque-speed characteristics of uneq0-PMSM can be modified
by varying the winding split ratio to suit the application. The
wide speed range of uneq0-PMSM with below base-speed op-
eration in most operating points also reduces the additional
d-axis current requirement compared to FW in conventional
three-phase PMSM. Finally, a transition algorithm for smooth
winding changeover between two-winding operation (combined
LS-HS winding) and one-winding operation (HS winding alone)
is also proposed. The proposed concepts are experimentally
validated on a 1.5-kW uneq0-PMSM with 1:3 split ratio.

APPENDIX A
DYNAMIC MODELING OF UNEQO-PMSM

For all the parameters, subscript “L.S” denotes that it belongs
to LS winding, “HS” denotes that it belongs to HS winding, and
“LSHS” denotes the mutual terms. Assume that uneq0-PMSM
has a winding split ratio of nys:inLs, where nis and nys
represent the number of turns per phase of LS winding and HS
winding, respectively. The parameters of uneq0-PMSM can
be represented in terms of three-phase PMSM parameters as
Ry1s=diRg; Lig1s=d3i Lis; Vp1s=d1 ¥ F; Lypars=d3 Lima;
Ling1s=d3Lyg; Rens=doRy; Lisns=d3Lis; ¥V pus=do ¥
Lina-us=d3Lina; Lingus=d3 Lig; Lina-rsus=d1daLa;
Lyg1sus=dida Ly, where R, is the per phase stator resistance,
WU ;7 is the permanent magnet flux, L, is the d-axis magnetizing
inductance, L, is the g-axis magnetizing inductance, and L
is the self-leakage inductance of the original three-phase
PMSM from which the uneq0-PMSM was derived. Here,

di=—"us . — __MHs
1= ns+nns’ nis+nus .
The stator voltage equations of uneq0-PMSM in synchronous

d — q frame are given by

—idLS

vars = Reisiars + (Lisis+Lmars) 7

d .
+ (L}, +Lima: LSHS)%Zd ns—We (Lis-1s+Limg1s)iqLs

—We (L4 Ling-LsHs )ig-Hs 9)
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‘ d .
Vg-LS = RS—LS'Lq—LS + (Lls—LS‘i“Lmq—LS)%Zq-LS

d . .
+ (Ljp+Lmgrsns) —igus+we(Lis1s+Lmd-Ls)id-Ls

dt
/ . 3
+we(Liy,+Limd-1sus)ta-us + iwe\PF—LS (10)
vans = Rensians + (Lisns +Lmd—HS)%id-HS
1 d . .
+( lm+Lmd—LSHS)ald—LS_we(Lls»HS+Lmq—HS>Zq—HS
—We (L +Limg-LsHs )ig-Ls (11)

Vg-HS = RS—HSiq-HS + (Lls—HS +Lmq»HS)£iq—HS

d
+ (L}, +Limg-Lsus)

dth Ls+we (Lis-us+Lma-us ) id-Hs

. 3
+we(Ly+Lmdrsus)idLs + iwe\IJF—HS (12)

where w, is the electrical rotor speed, L,,q1sys is the mutual
inductance between LS and HS winding, and Lj, is the mutual
leakage inductance between LS and HS winding.
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