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Synchronous Reluctance Machine With

4-Pole-12-Pole Configuration for
Efficient Extended Speed Range
Operation in Electric Vehicles
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Abstract—In this article, the detailed analysis of a multipole
permanent magnet-assisted synchronous reluctance machine is
presented which can cater to the needs of EV applications. The
rotor of the machine has a 4-pole (n-pole) synchronous reluctance
machine (SynRM) structure, and a 12-pole (3n-pole) permanent
magnet (PM) structure. There exist two rotating magnetic fields
in the air gap of the machine with poles in the ratio of 1:3. A
single stator houses two sets of 3-φwindings, corresponding to each
pole. To ensure steady torque operation, the supply frequencies are
also kept in the ratio of 1:3. While designing, base speed of the
SynRM is kept at a lower speed (say N ), and that of PM is kept at
the maximum speed (say Nmax). Both components are operated
till an intermediate speed, after which, the excitation of SynRM
is removed without the use of any switches, since the back-EMF
in SynRM due to PM is negligible. Only the PM part is oper-
ated till maximum speed, without entering field-weakening (FW).
Hence, the proposed machine can be used to obtain extended speed
with improved efficiency due to the absence of extra FW current.
The proposed concepts are used to design a 1-kW 4 pole-12pole
PMaSynRM. The designed machine is manufactured and tested in
a closed loop for experimentation and validation.

Index Terms—Multipole, permanent magnet-assisted synchro-
nous reluctance machine, permanent magnet (PM) machine,
synchronous reluctance machine.

I. INTRODUCTION

E LECTRIC vehicles (EVs) have emerged as a cleaner and
sustainable choice in contrast with internal combustion

engine vehicles (ICEVs). It helps in reducing the dependence on
finite resources like fossil fuels, and is considered as a significant
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step toward a greener environment and in mitigating air pollu-
tion. Permanent magnet synchronous motor (PMSM) is a class
of widely used traction motor in EVs, considering their high
efficiency and power density [1], [2], [3]. The design of the same
is a highly researched area [2], [4], [5]. They utilize rare-earth
permanent magnets (PMs), with high energy density, in their
rotor, resulting in lesser losses and better power factor. However,
the high price of rare-earth magnets causes notable impact on
the machine cost [6]. Hence, there has been a growing interest in
synchronous reluctance machines (SynRM), known for their af-
fordability, and simple construction [7], [8]. Unlike PMSM, the
rotor of a SynRM does not produce or induce any magnetic field,
rather it generates torque due to the tendency of the magnetic flux
to flow through the path which has the lowest reluctance. Due to
the absence of magnets, the torque density and power factor of
SynRM is lower than that of PMSM [6], [9]. These shortcomings
are compensated by placing magnets (generally ferrite PMs
or rare-earth PMs of low volume) in the rotor, forming what
is called a permanent magnet-assisted synchronous reluctance
machine (PMaSynRM) [10], [11]. PMaSynRM is a hybrid of
PMSM and SynRM. There are two components of torque in a
PMaSynRM, one contributed by the reluctance of the rotor, other
by the magnets. Unlike interior permanent magnet synchronous
motor (IPMSM), which also has two torque components, in a
PMaSynRM, the major component of torque is contributed by
reluctance of the machine. Thus, this machine has the advantage
of better torque density and efficiency than a SynRM, and better
cost effectiveness when compared to a PMSM.

The constant power speed range (CPSR) is the ratio of max-
imum speed to base speed at constant power. A broad CPSR
alongside a high maximum operating speed are essential criteria
for an EV [12]. The CPSR needed for commercial passenger EVs
typically falls between 4 and 7, while for heavy-duty direct drive
electric trucks, it can reach up to 25 [13], [14]. Field weakening
(FW) is a common technique used to extend the operating
region of a PM machine. It is realized by sending demagnetizing
current so as to bring down the air-gap flux, thereby increasing
the machine speed in order to maintain back-EMF constant.
Increasing dc bus voltage, adopting multiphase configurations,
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using dual 3-φ configurations [12] and winding switching [15]
are some of the methods to obtain high CPSR. All these methods
require additional stator current (FW current) in the high-speed
operation, which adversely affects its efficiency [4]. For the
case of PM machines, using winding change-over techniques
like star-delta [16], series-parallel [17], unequal split [4],
tapped [18], [19] etc., for obtaining increased speed range,
requires the usage of additional bidirectional switches which
adds to the overall size, losses, and complexity.

Multipole machines viz. Hunt motor have been mentioned in
the literature of IMs, where it is used in the speed control of
the same [20]. There exists two independent rotating magnetic
fields (RMF) in the air gap sharing a common magnetic path.
In [21], the conditions for arranging two sets of 3-φ windings
corresponding to each pole number, in order to eliminate mutual
interaction, are given. However, the objective of the machine is
to control the speed by combined operation and not to perform
any winding change-over based speed range extension.

This article discusses a synchronous machine which has two
RMFs in the air gap. These fields are created by two different
pole structures which are in the ratio of 1:3 (n pole and 3n pole).
The n pole machine is formed by the synchronous reluctance
component and the 3n pole machine is constituted by PMs.
While the descriptions apply to any n pole-3n pole machine,
a 4-pole-12-pole machine is specifically discussed from this
point onwards. The rotor is designed to work as both a 4-pole
SynRM and a 12-pole Surface Mount PMSM (SMPMSM).The
stator has two sets of 3-φ windings, one for each of the two
rotor kinds. They are excited from two inverters which share
the same dc bus. The supplying frequencies of each winding
sets are in the ratio of 4:12, in order to produce a steady torque.
Hence, the proposed machine operates as sum of two machines,
viz. SynRM and PMSM. Thus, while the proposed machine
resembles a PMaSynRM by producing torque through both per-
manent magnet and reluctance components, it differs from the
conventional PMaSynRM due to its multiple pole configuration.
Therefore, it is termed as multipole PMaSynRM.

At low speed, both machines are excited, whereas above an
intermediate speed, only the PMSM is excited.

The machine is designed so that the base speeds of each com-
ponent are different. The base speed of SynRM is chosen as that
of the required rated speed, whereas the base speed of PMSM is
chosen as the maximum speed of the requirement. Since the base
speed of PMSM is the maximum speed, the operation at high
speed is the below base speed operation of PMSM, eliminating
FW. In general case, to achieve higher speeds, FW region exists
and a major component of current is utilized in supporting
the voltage (isd) and only the rest is utilized for producing
torque (isq). This leads to a significant decline in efficiency
at high speeds. The proposed machine completely eliminates
FW operation at higher speeds, thereby utilizing inverter current
more effectively, which results in better efficiency.

The operation of the proposed machine along with the control
architecture is explained in Section II of this paper. Section III
provides the complete design process of both stator and rotor.
Section IV presents the analysis results which validate the pro-
posed concepts of this article.

Fig. 1. Arrangement of 2 pole-6 pole structure.

II. PROPOSED 1:3 MULTIPOLE PM ASSISTED SYNRM
OPERATION

In this section, the operating principle and the operation of
the proposed multipole PMaSynRM are discussed.

A. Operating Principle

In the proposed machine, a single rotor arrangement contains
both a 4-pole salient structure and a 12-pole PM structure. The
stator houses two sets of 3-φ windings corresponding to 4-pole
and 12-pole. To produce a steady torque, the two RMFs should
be rotating at the same mechanical speed, which is achieved
by exciting the winding sets with currents whose fundamental
frequencies also vary in the same ratio (4:12).

Theoretically, if the windings are distributed sinusoidally and
the air-gap flux density consists only of the fundamental corre-
sponding to 4-pole and 12-pole, then there will be no interaction
between them. Practically, due to slot harmonics and winding
distribution, there exists some interaction between them. Nev-
ertheless, the back-EMFs induced in the SynRM windings due
to PM and vice-versa, are negligible. This fact enables it to be
regarded as the combination of two machines.

In Fig. 1, a simple 2 pole-6 pole structure is graphically
presented for the purpose of conceptual understanding. From
the figure, it can be observed that the magnet poles, the rotor
saliency, and the poles created by the RMFs are in synchronism.
Hence, there is no relative motion between the RMFs, thus
producing only steady torque and avoiding the generation of
any ripple torque in the process.

Here, ω1, ω2, and ωr are the mechanical speeds of 2-pole
RMF, 6-pole RMF, and rotor speed in rad/s, respectively. For
steady torque operation,

ω1 = ω2 = ωr. (1)

B. Operation

The power circuit of the proposed machine is illustrated in
Fig. 2. The two voltage source inverters (VSI) operate inde-
pendently to energize their respective winding sets. Despite
the presence of two components, namely SynRM and PMSM,
decoupled operation is achievable due to the asymmetry of the
poles.
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Fig. 2. Power circuit of the proposed machine.

Fig. 3. Required torque versus speed characteristics and the proposed machine
characteristics.

Fig. 3 illustrates the requirements and how the proposed
machine operates to satisfy them, where Nb,4 and Nb,12 are the
base speed of reluctance and PM components, respectively, and
Nint is the intermediate speed. In a conventional PMaSynRM,
the major component of torque is contributed by the reluctance
component and the rest by PMs. This also occurs in the proposed
multipole PMaSynRM during the combined operation, where
SynRM contributes a larger portion of the torque compared to
PM (say, TSynRM ≈ 4TPM ).

The operation of the proposed machine can be classified into
the following regions:

1) Below intermediate speed: 0 ≤ N ≤ Nint: In this region,
both reluctance component and magnet component wind-
ings are excited. The torque is the resultant of reluctance
torque of the 4-pole system and magnet torque of the
12-pole system. The reluctance component may enter into
the FW region of the same, whereas the magnet component
remains in its respective below base speed operation.

2) Above intermediate speed until maximum speed: Nint ≤
N ≤ Nb,12: In this region, the reluctance component
windings are deactivated. As a result, only the magnet
part contributes to the torque. The magnet component
continues to be in its below base speed operation.

The 4-pole SynRM windings are not impacted by the 12-pole
PMSM windings, by virtue of different pole combinations. The
corresponding mathematical derivation is presented as follows.

The flux linkage of any 4-pole coil (of span π
2 mechanical

radians) due to the flux density of 12-pole PM is expressed as
(2). Here, r and l denote the air-gap radius and stack length of
the machine, respectively, and Bm denotes the peak air-gap flux

Fig. 4. Quadrant of the proposed 4-pole-12-pole machine.

Fig. 5. Torque versus speed curve of heavy-duty truck.

density due to PM

Φ1,PM =

∫ φs+
π
2

φs

Bm sin 6(φs − θr)rldφs. (2)

The total flux linkage of the winding Na1, due to the PM is
calculated using

λPM,a1 =

∫
<π

2 >

−Na1

4
sinφs

[∫ φs+
π
2

φs

Bm sin 6(φs − θr)rldφs

]
dφs (3)

where Na1 is the turns per phase of phase R4, φs is the stator
angle with respect to the R4 axis (α-axis) and θr is the angular
displacement of the rotor with respect to theR4 axis. The expres-
sion (3) is evaluated to be zero, proving that the PM flux linkage
in the SynRM winding is absent. Fig. 4 shows the quadrant of
the stator and rotor configuration of the 4-pole-12-pole machine.

C. Comparison With Conventional 3-φ PMaSynRM

The benefits of the proposed machine for EV applications,
in comparison to a conventional 3-φ machine, are illustrated
through a case study involving a heavy-duty truck, with torque-
speed requirements derived from [22]. This is represented graph-
ically in Fig. 5.

A comparative analysis is conducted between a 4-pole
PMaSynRM and the proposed 4-pole-12-pole PMaSynRM, both
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TABLE I
REQUIREMENTS OF THE MOTOR

(a) (b)

Fig. 6. (a) 4-pole PMaSynRM (M1). (b) Rotor structure of M1 with various
dimensions marked.

TABLE II
VARIOUS DIMENSIONS OF M1 AND M2

of which meet these operating conditions. Henceforth, the de-
signed conventional 3-φ 4-pole PMaSynRM is referred as “M1,”
whereas the proposed multipole (4-pole-12-pole) PMaSynRM
is referred as “M2.” The requirement of the machine is outlined
in Table I.

Both machines are designed under the assumption that
1) the main dimensions remain the same;
2) the number of slots remain the same;
3) total number of conductors remain the same;
1) 18.6kW, 4-Pole PMaSynRM Design (M1): A conventional

PMaSynRM features boat-shaped flux barriers, within which
rectangular permanent magnets are embedded [23], [24]. The
designed conventional 4-pole PMaSynRM, which satisfies the
requirement given in Table I, is shown in Fig. 6(a). The various
dimensions of the design are provided in Table II. The stator
design is identical for both M1 and M2.

The various geometrical parameters of the rotor are marked in
Fig. 6(b) and presented in Table III. The iterative design process
is followed according to [25], until the torque requirement is
met at the base speed. Further, the CPSR requirement is met by
varying the dc bus voltage. Table IV presents various parameters
of M1.

2) 18.6kW, 4-Pole-12-Pole PMaSynRM (M2): The 4-pole-
12-pole PMaSynRM, which satisfies the requirements given in
Table I, is shown in Fig. 7(a). The dimensions are kept the

TABLE III
GEOMETRICAL PARAMETERS OF ROTOR OF M1

TABLE IV
PARAMETERS OF M1

(a) (b)

Fig. 7. (a) 4-pole-12-pole PMaSynRM (M2). (b) Rotor structure of M2 with
various dimensions marked.

same as that of M1 as given in Table II. The design of 4-pole
reluctance part is performed with a three barrier structure. Since
the number of slots remains the same, which is 36, the slots
per pole pair becomes 18 for 4-pole structure. Thus, the number
of separation points per pole pair, nr, could be 14 or 22. The
design process of multipole machine is explained in detail in
Section III. Using Finite-Element Analysis (FEA), the structure
which results in the highest ratio of average torque to torque
ripple is obtained. The geometrical parameters of the rotor are
shown in Fig. 7(b), and are presented in Table V. Table VI
presents various parameters of M2.

3) Comparison of M1 and M2: The designed machines in
the previous sections, shown in Fig. 8, are capable of delivering
the required power for the same application. However, the re-
quirements for phase current, dc bus voltage, and magnet volume
are different, which is discussed based on the parameters of the
machine tabulated in Tables IV and VI.

In M1, the PM and the reluctance component share the same
number of poles. However, in M2, the 4-pole windings do not
contribute to the PM flux linkage. Consequently, the base torque
of M2 is lower than that of M1. To achieve the same base
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TABLE V
GEOMETRICAL PARAMETERS OF ROTOR OF M2

TABLE VI
PARAMETERS OF M2

Fig. 8. M1 and M2.

TABLE VII
COMPARISON IN TERMS OF DESIGN PARAMETERS

torque while maintaining the same number of conductors, M2

requires a higher current compared to M1 . This is evident in
the observations presented in Table VII. After finalizing the
base torque design, the dc bus is selected which could cover
the torque requirements at the maximum speed. The torque
requirement of 38.66 N · m at 3582 r/min is met when the dc
bus is increased to 1300 V in the case of M1. The high value
of dc bus becomes a characteristic requirement of three-phase
drives, which demands wide CPSR, such as the case of heavy
duty trucks. From Table VII, a significant reduction in dc bus
voltage and magnet volume is observed in M2 relative to M1.

Fig. 9. Efficiency curve of 4-pole PMaSynRM .

Fig. 10. Efficiency curve of 4-pole-12-pole PMaSynRM .

The magnet volume is reduced by 75% inM2, as the magnets are
designed solely to meet the torque requirements at high speeds.
Since the required torque at these speeds is low, a smaller magnet
volume suffices. The dc bus voltage also reduced by 73.8%. This
also reduces the cost of associated capacitors, insulation levels
of the components, and the switch voltage ratings.

Although the proposed topology uses two VSIs, the total
KVA rating of the inverters for M2 is lesser than M1, owing
to the low value of dc bus for M2. The required voltage, current,
and kVA ratings for M1 and M2 are summarized in Table VII.
The presence of two inverters also adds to redundancy which
supports higher reliability as in the event of failure of one
inverters the drive still functions at a partial capacity.

The efficiency curve of M1 is plotted with the envelope as the
torque-speed characteristics and is provided in Fig. 9.

The efficiency curve of M2 with the envelope as the torque-
speed characteristics and is provided in Fig. 10. For the given
application, after the operating point II, the torque requirement
drastically falls. The required torque at 358 r/min is 518 N · m,
whereas at 1279 r/min, it is 38 N · m. The intermediate speed
is therefore selected to be slightly above 358 r/min, and is set
at 460 r/min. Mode I is the region from start till intermediate
speed, where both 4-pole and 12-pole windings are excited.
From intermediate speed till maximum speed, only 12-pole
windings are excited as is marked as Mode II in Fig. 10.

Apart from the constructional features and drive ratings which
supports lower initial cost for the proposed machine, another
major advantage of the proposed multipole PMaSynRM is the
increment in the efficiency at high speeds, which supports lower
operating cost of the drive. A table comparing the efficiencies
of M1 and M2 at different operating points is provided in
Table VIII. This occurs due to the reduction in copper losses
because at high speeds, the 4-pole windings are not energized.
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TABLE VIII
COMPARISON IN TERMS OF EFFICIENCY BETWEEN M1 AND M2

While the quantitative advantages of M2 over M1 are dis-
cussed so far, in general, the advantages of the proposed topology
over conventional 3-phase drives with common pole configura-
tion for wide speed range applications can be summarized as
under.

1) Reduction in FW operation: For applications requiring
very high CPSR, 3-φ SynRM or PMSM machine, if de-
signed for a low value of base speed, will have to operate
largely in the FW region. This will incur more copper
loss, owing to the high current requirement. The high FW
requirement inversely affects magnet performance due to
the risk of irreversible demagnetization [26]. To eliminate
major FW operation, the machine has to be designed for
high base speed, which will increase the drive size. In the
proposed machine, the combined operation occurs only
till an intermediate speed, where the SynRM component
enters the FW operation. This intermediate speed is chosen
to be slightly above the base speed of SynRM component,
after which it shifts to the below base speed operation of
PM component, thereby eliminating the FW operation.

2) Elimination of bidirectional switches: At intermediate
speed, the excitation of SynRM windings need to be
removed. In a pure reluctance machine, excitation can be
removed without the need for switches. However, in a PM
machine, switches are necessary for changeover operation
due to the presence of nonzero back-EMF generated by
the PMs. Consequently, in a conventional PMaSynRM,
high-speed operation with winding changeover necessi-
tates switches. However, in the proposed machine, the
back-EMF induced in the reluctance windings due to PM
is negligible, allowing them to be de-energized without
switches. If this topology is compared with tapped or
equivalent winding change-over schemes, the additional
requirements of change-over switches are eliminated.

3) Reduction in DC bus voltage: The proposed topology can
harness the benefits of winding change-over systems and
reduce the effective number of turns at high speeds to suit
the application requirements with lesser dc bus voltage
rating compared to conventional 3-φ systems.

4) Reduction in voltage rating of the components: With the
reduction in dc bus voltage, the voltage rating of the differ-
ent components, viz. dc bus capacitors, inverter switches,
etc., also reduce thus giving scope for cost reduction.

5) Improvement in efficiency: Since the effective number of
turns are reduced at high speeds, the effective resistance
also decreases, and hence for the rated current, the copper
loss diminishes, improving efficiency.

TABLE IX
1.1-KW PROTOTYPE MOTOR REQUIREMENTS

6) Torque noninterruption: In the conventional wind-
ing changeover schemes of PM-based machines, the
changeover is characterized by a momentary torque in-
terruption. In the proposed machine, this is eliminated
by ensuring decoupling between the 4-pole and 12-pole
windings.

D. Control Architecture

The decoupling is primarily between the 12-pole PM flux,
which does not link the 4-pole SynRM winding. Hence, the
control structure becomes significantly simple, as the two con-
stituent motor counterparts can now be independently con-
trolled. This decoupling also allows the control system to be
designed in the respective rotor reference frame. This enables
the currents injected from the SynRM and PMSM windings to
be controlled to obtain their respective maximum torque per
ampere (MTPA) conditions [27].

Both winding sets are independently controlled using stan-
dard field-oriented control (FOC) technique. A speed controller
is designed to operate the machine, providing the torque refer-
ence. The torque and speed references are input into a look-up
table (LUT), which determines the torque distribution. The re-
sulting component torque references generate the corresponding
d-q current references, which are then supplied to their respective
current controllers. These controllers produce voltage references
that are fed into the corresponding VSIs. The current references
are expressed as a function of the rotor mechanical angle, and
hence, a single position sensor is sufficient to control both the
motor counterparts.

III. DESIGN PROCESS

The design process involves calculation of machine main
dimensions, determination of magnet placement in the rotor
and positioning the rotor barriers. In this section, the design
procedure for a 4-pole-12-pole PMaSynRM is discussed. The
design of a 1.1 kW, 400 V dc bus, 4-pole-12-pole PMaSynRM
machine with requirements given in Table IX, using the proposed
procedure, is also presented.
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A. Main Dimensions

The machine main dimensions include stator outer diameter,
stator inner diameter, rotor outer diameter and stack length.

The base speed of the proposed PMaSynRM is mainly deter-
mined by the SynRM component, which has 4-poles. Hence, the
rated power of SynRM component is used to determine the main
dimensions of the machine. The empirical relationship between
machine volume and shaft power, Pshaft, is given by

Pshaft = Cmech,4 Dsi Dro l nsyn,4 (4)

where Cmech,4 is the mechanical machine constant of the
SynRM component, Dsi is the stator inner diameter, Dro is the
rotor outer diameter, and nsyn,4 is the synchronous speed of the
SynRM component. Since, the air gap being sufficiently small
compared to the diameter of the machine, Dsi is considered
equal toDro. Here, the machine constantCmech,4 is given as [28]

Cmech,4 =
π2

2
kw,4 Â4

ˆBδ,4 η cosφ (5)

where kw,4, Â4, and ˆBδ,4 represent the winding factor, the peak
linear current density, and the peak air-gap flux density of the
4-pole SynRM component, respectively, η is the efficiency and
cosφ is the power factor.

Using (4) and the value of aspect ratio for synchronous
machines given in [28], the main dimensions of the machine
are established. In the case of 1.1-kW prototype machine, the
values of Â4, ˆBδ,4, η and cosφ are chosen to be 25 kA/m, 0.4T,
0.9, and 0.8, respectively.

B. Stator Number of Turns Calculation

The stator parameters, such as stator slots, slot width, tooth
width, and yoke width, can be designed similar to that of any
3-φ stator with distributed windings [28], [29]. The uniqueness
in the design process of the proposed multipole PMaSynRM lies
in the determination of winding topology which can create two
sets of RMF in the air gap.

The slots will have two layers, each layer accommodating
winding corresponding to each pole number. The calculation of
pitch factor and distribution factor for each winding is the same
as any 3-φ stator with distributed winding [29].

The reluctance component has lower base speed than the
PM component. Hence, the number of turns are more in the
reluctance windings.

Depending on the requirement, the base torque and the base
speed of the 4-pole SynRM and 12-pole PMSM are fixed. From
these values, the machine parameters for SynRM, viz. d-q axis
inductances can be determined by choosing an inverter current
limit and saliency ratio. In the case of PMSM, the parameters
are calculated using normalized plots provided in [30], accord-
ing to the given CPSR and power requirement. Therefore, the
back-EMFs at the respective base speeds can be evaluated from
the corresponding machine parameters. At the base speed of
each component, the inverter reaches its limit. Thus, the inverter
voltage limits for SynRM and PMSM are determined. However,
since both windings are supplied from the same dc bus, the
higher of the two calculated values is set as the final dc bus

Fig. 11. Region between barrier and rotor periphery.

voltage. Hence, the number of turns can be calculated as the
back-EMF developed at their respective base speeds is known.

C. Rotor Design

The rotor design involves fixing the position of magnets on the
rotor periphery and positioning the barriers appropriately so as
to extract maximum torque with minimum ripple. The important
factors to be considered while designing the rotor are as follows:

1) Although, theoretically, the back-EMF induced in the
4-pole windings due to 12-pole flux is zero (3), the
nonsinusoidal nature of the winding distribution and the
presence of slot harmonics may cause some interaction,
which should be minimized.

2) The torque shared between 4-pole reluctance machine
and 12-pole PM machine are satisfied according to the
requirement.

Since the torque is contributed by two components consisting
of two different pole numbers, each component of the rotor is
considered separately for the design. The rotor design can thus
be divided into two parts as follows:

1) Design of Reluctance Component: In a SynRM, the torque
production primarily depends on the anisotrophy of the rotor
structure. To facilitate the same, there are iron segments and air
barriers in the rotor. Here, the axis of minimum inductance (max-
imum reluctance) is considered as the q4−axis, about which the
barriers will be symmetrical. The region between the barrier end
and the rotor periphery is shown in Fig. 11. During operation,
this region becomes saturated and serves as the transition zone
between the magnetic potentials in the carriers. For ease of
analysis, this region can be represented by a point on the rotor
periphery. Such points are called separation points (SP). They
represent the rotor iron ribs that become saturated due to the
stator MMF, resulting in different magnetic potentials across
the iron segments.. Thus, SPs act as the changeover points of
magnetic potential. They also represent the intersection of center
line of barriers on the rotor periphery and are used to position
the barriers in the rotor core.

In this design, fluidic barriers are chosen considering that
it offers better utilization of air-gap flux since the barriers are
constructed along the path of flux lines as for a solid rotor. The
saliency and inductance differences are thereby increased. For
a synchronous reluctance machine with Q number of slots and
p number of pole pairs, the number of SPs per pole pair in the
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Fig. 12. Barrier and carrier width representation along with SPs for a 3-barrier
4-carrier SynRM.

rotor, in order to achieve minimum torque ripple, is given by [31]

nr =
Q

p
± 4. (6)

SPs are equally spaced, hence the angle between them can be
obtained, as shown in Fig. 12, as

θb =
2π

nr
. (7)

In the case of a 48 slot, 4 pole machine, nr can be 20 or 28. The
case when nr = 28 is illustrated in Fig. 12. Here, there are 14
SPs per pole, which means 7 SPs on each side of the q4-axis.
Since SPs define the saturated region between the barriers and
the rotor periphery, the number of SPs between the d4- and q4-
axes corresponds to the number of possible barriers in the rotor.
Hence, in this case, there can be a maximum of seven barriers
possible, out of which three barriers are chosen and depicted
in Fig. 12. Once the stator design is fixed, the performance of a
reluctance machine primarily depends on the number of barriers
and insulation ratio. A suitable number of barriers are chosen
once the SPs are determined. It is observed that the average
torque increases and torque ripple comes down as the number
of barriers increases, but the increment is not profound at higher
barrier numbers. The insulation ratio kair is defined as the ratio
of total thickness of barriers along q4-axis to the sum of total
thickness of barriers and q4-axis iron in the rotor. For a 3-barrier
rotor (see Fig. 12), kair is defined as

kair =
tb1 + tb2 + tb3

tb1 + tb2 + tb3 + tc1 + tc2 + tc3 + tc4
(8)

where tbi is the thickness of ith barrier, where i = 1, 2, 3, and
tcj is the thickness of jth carrier, where j = 1, 2, 3, 4. With
the increase of insulation ratio, the power factor increases, but
the average torque comes down. The value of kair normally
lies between [0.35,0.6] to achieve highest torque per ampere
design [32].

The barriers are designed in such a way so as to reduce the
q4-axis flux, thereby increasing the difference between d4-axis
and q4-axis inductance. The approach employed in this article
relies on derivations provided in [32] and [33]. The width of

each barrier can be calculated as follows:

tbi =

(
Dro,synrm

2
− Dri

2

)
kair

xi

xsum
(9)

whereDri is rotor inner diameter or shaft diameter,Dro,synrm is
the rotor outer diameter of synchronous reluctance component,
which is given by

Dro,synrm = Dro − 2 dm (10)

where dm is the depth of magnet, which is given by (20). xsum

is given as

xsum =

Nbar∑
i=1

xi (11)

where Nbar represents the number of barriers; xi represents the
intermediate variable and is given as

xi = ΔFqi

√
θi. (12)

Here, θi is the angle of ith barrier from the q4-axis. Fig. 12
illustrates the corresponding θi values for a three-barrier struc-
ture (i = 1, 2, 3). ΔFqi represents differential MMF drop in p.u.
across ith barrier along q4-axis, and is given as

ΔFqi = Fi − Fi+1 (13)

whereFi represents average MMF in per unit (p.u.) seen by each
barrier, and is given as

Fi =
1

θi − θi−1

∫ θi

θi−1

cos2θ dθ. (14)

The width of each carrier is made proportional to the flux flowing
through them. The width of each iron part is given as

tci =
(Dro,synrm −Dri) (1− kair)Bi

2Bsum
(15)

where Bi is the average flux density in p.u. in each carrier
obtained by assuming sinusoidal flux density distribution in the
air gap, and is given as

Bi =
1

θi − θi−1

∫ θi

θi−1

sin2θ dθ. (16)

The number of carriers, Nc, is given as

Nc = Nbar + 1. (17)

For, i = Nc, (16) becomes

Bi =
1

π − 2 θNbar

∫ π
2

θNbar

sin2θ dθ. (18)

Bsum is the sum of all average flux densities in p.u.

Bsum =

Nc∑
i=1

Bi. (19)

Therefore, the barrier and carrier widths of the reluctance com-
ponent can be established using (9) and (15) once the number of
barriers and insulation ratio are fixed. The barrier and carrier
width representation in the case of a 3-barrier rotor is also
provided in Fig. 12.
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Fig. 13. Positioning of magnets and associated variables.

2) Positioning of Magnets: The magnets are placed on the
rotor periphery so as to produce in the air gap only a 12-pole
flux density, that is, a null 4-pole flux density, which is the
fundamental flux density of this machine. Theoretically, the pole
numbers are chosen such that there is no interaction between
them. In such a case, the back-EMF induced in each winding
of a corresponding pole number due to the other pole number
would be null. But, practically, due to slot harmonics and wind-
ing distribution, the back-EMF induced due to the interaction
between the pole numbers will not be zero.

The design process of the magnet component starts with
determining the width and thickness of the magnet. First, the
operating point of the magnet is fixed as the point which produces
maximum energy density product (BH)max, obtained from the
B-H curve.

Let this point be considered as (Bm, Hm). The depth of
magnet is given as

dm =
ˆBδ,12 g

μ0Hm
(20)

where ˆBδ,12 is the peak air-gap flux density of 12-pole PM
component, g is air-gap length, and μ0 is absolute permeability
of air. The width of magnet is given as

wm =
ˆBδ,12 wg

Bm
(21)

where wg is the width of air gap under one pole.
Once the width of the magnet is fixed, three magnets (m1,m2,

and m3) are placed along one pole of reluctance component as
shown in Fig. 13.

The angle subtended by each magnet, in electrical degrees
(4-pole as fundamental), is given by

b = 2
2wm

Dro
. (22)

The relation between angle subtended by core in between mag-
nets c and angle across d12-axis a is given as

a+ 3 b+ 2 c = π. (23)

The minimum value of c is zero. In order not to compromise the
d4-axis flux of reluctance component, the minimum value of a
is taken as one slot pitch and the maximum value of c is taken

TABLE X
1.1-KW PROTOTYPE MOTOR PARAMETERS

Fig. 14. R-phase of 4-pole winding.

Fig. 15. R-phase of 12-pole winding.

as a
2 , which gives

cmax =
π − 3 b

4
. (24)

The magnets are placed above the flux barriers of the reluctance
component in such a way that the 4-pole flux path will not
be hindered. This can be made possible if the magnets are
aligned with the SPs. The values of a and c can be found by
an iterative process, which involves placing the magnets on
each SPs and observing the variation of fundamental and major
harmonics in normal air-gap flux density distribution. Since
the PM represents 12-pole system, the values which result in
minimum 4-pole component and maximum 12-pole component
are selected, thereby fixing the magnet position.

D. Design of 1.1-Kw Prototype Motor

A 4-pole-12-pole prototype motor is designed, with its details
provided in Table X.

For a 48 slot, 3-φ, 4-pole-12-pole machine, slot per pole per
phase for 4-pole is n4 = 4, resulting in an integral slot winding
as shown in Fig. 14, and that of 12-pole is n12 = 1.34, resulting
in fractional slot winding as shown in Fig. 15.
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(a) (b)

Fig. 16. Possible barriers and separation points.

TABLE XI
AVERAGE TORQUE OF 3-BARRIER SYNRM

The rotor design process is described below.
1) Lower Pole Number: The lower pole number corresponds

to the reluctance component of the machine. The design pro-
cedure of rotor starts with choosing the barrier position and
determining the barrier dimensions. The calculation involves de-
termining rotor outer diameter of reluctance component, which
is given by (10).

The value of kair is chosen to be 0.4. The number of SPs per
pole pair in the rotor is given by (6). As explained in Section II-
I-C, for the case of a 48 slot, 4-pole machine, the value of nr is
either 20 or 28. Consequently, the number of SPs per pole can
be 10 (let this case be named nr1) or 14 (let this case be named
nr2). Since the number of SPs between the d4- and q4-axes
corresponds to the number of possible barriers in the rotor, there
can be five barriers in the case of nr1 and seven barriers in
the case of nr2. Fig. 16(a) represents the case of nr1. The five
barriers of nr1 are represented using the alphabets H, I, J, K,
and L. They are drawn as semicircles for representation purpose
only and has no relation to the shape of the barriers. Similarly,
Fig. 16(b) represents the case of nr2. The seven possible barriers
for this structure are represented using the alphabets A to G. In
both these figures, the SPs are represented using circles and
the horizontal line corresponds to the unwrapped view of the
rotor periphery. Taking into account the manufacturability of
the design, the number of barriers is chosen to be 3. Using the
principles of permutation and combination, three barriers can
be chosen from five and seven barriers in 5C3 and 7C3 ways,
respectively.

FEA is conducted to evaluate the torque, and some of the
selected results are given in Table XI. Here, the combination
BEG refers to the case of nr2 with the barriers corresponding to
SPs 2, 5, and 7, as highlighted in Fig. 16(b).

The combination BEG achieves the maximum torque as a
4-pole SynRM. This establishes the lower pole design.

2) Higher Pole Number: The design of a higher pole number
involves fixing the position of magnets such that maximum

(a) (b)

Fig. 17. Placement of magnet m1 or m3 where the center of the magnet
coincides with (a) the center of SP (b) the center of two adjacent SPs.

TABLE XII
HARMONIC ANALYSIS OF AIR-GAP Bn WITH 14 SP PER POLE

torque is generated while maintaining minimum interaction
between the poles. For each pole of the 4-pole structure, 3
poles of 12-pole exist. These three poles are constituted by three
magnets which are placed in an embedded fashion. Initially,
the magnets are designed in a surface-mounted configuration
and later embedded to enhance the structural stability. Since the
air-gap flux density contributed by the magnets is significantly
lower than that of the SynRM, their volume is relatively small.
As a result, embedding the magnets does not notably affect
their electromagnetic performance, and their saliency remains
largely unchanged. The center magnet (m2 in Fig. 13) is placed
along the high reluctance axis of 4-pole (q4-axis). The remaining
two magnets (m1 and m3) are symmetrically positioned about
the q4-axis. The position of m2 is fixed. Once the position of
m1 is set, the position of m3 is automatically determined, and
vice-versa. It is not possible forecasting which is the better layout
of the magnets. To avoid disturbing the 4-pole flux, the analysis
is performed as two cases, one by keeping the center of the
magnet across each SP [see Fig. 17(a)], and second by keeping
the center of the magnet across the center point of two adjacent
SPs [see Fig. 17(b)]. Using FEA, the corresponding air-gap
flux density is gained, and its Fourier coefficients are evaluated.
Since the rotor structure with 14 SP per pole is chosen for the
4-pole SynRM, harmonic analysis is performed on the same.
For some of the considered cases, Table XII reports the ratios
b3/b1 and b3/b5, where b1, b3, and b5 represents the Fourier
coefficients of the normal air-gap flux density distribution (Bn)
corresponding to fundamental (4-pole), third harmonic (12-pole)
and fifth harmonic, respectively.

Table XII shows the analysis of the air-gap flux density
produced solely by the magnets placed at various positions.
Here, the term “Magnet position w.r.t. SP” denotes the location
of the center of m1 or m3 relative to the SPs. The figures are
the position of the magnet’s center from the q4-axis written in
terms of SPs. This is illustrated in Fig. 18. For example, the
value 4 corresponds to the situation when the center of m1 (or
m3) lies on SP number 4, as shown in Fig. 18(a), and the value
4.5 corresponds to the situation when the center of m1 (or m3)
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(a) (b)

Fig. 18. Numbering of SPs where the center of the magnet is placed (a) at
position 4 (b) at position 4.5.

lies at the mid-point between SPs number 4 and 5, as shown in
Fig. 18(b). It is observed that values corresponding to Serial No.
3 in Table XII results in the maximum third harmonic content
with minimal fundamental and fifth harmonic components. The
corresponding values of a and c are 46◦ and 40◦, respectively.
This establishes the magnet position for a solid rotor with only
magnets. When the rotor structure of lower pole number is joined
with that of the higher pole number, modifications need to be
made in the magnet position, as a part of optimization, so as to
ensure better saliency. The magnets are aligned with the barrier
ends such that 4-pole flux path is not hindered.

IV. RESULTS

This section provides the details of the experimental arrange-
ments and suitable simulation and experimental results.

A. Simulation Results

1) Electromagnetic Analysis: For the machine with speci-
fications given in Table X, FEA is performed using ANSYS
MAXWELL. The core material used is M43 electrical steel,
which has a knee point flux density of 1.5 T, as obtained from
ANSYS material library. The flux density distribution across all
parts of the machine during MTPA operation at the base speed
of SynRM (1150 r/min) is shown in Fig. 20. The current space
vector which produces maximum torque for 4-pole component
is marked as �I4,MTPA. It occurs at an angle (β4) of 48◦ elec from
the rotor axis (d4-axis), as observed from the simulation result in
Fig. 23(c). The average torque contributed by 4-pole at this con-
dition is 7.5 N · m, as observed in Fig. 23(a). The current space
vector which produces maximum torque for 12-pole operation is
marked as �I12,MTPA. Since the saliency of 12-pole structure is
1, �I12,MTPA is aligned along the q12-axis for maximum torque.
At this condition, only q-axis component exists for �I12,MTPA

which makes id12 = 0, resulting in β12,MTPA = 90◦ elec. The
average torque contributed by 12-pole at this condition is 1.5
N · m, as observed in Fig. 23(a). From Fig. 20, no significant
saturation is observed.

In all the Fast Fourier Transform (FFT) analyses given in this
section, harmonic order 1 corresponds to the 4-pole component,
while harmonic order 3 corresponds to the 12-pole component.
The analysis of the radial flux density established along the
air-gap periphery by 4-pole current at its MTPA condition
(�I4,MTPA), with and without the presence of magnets, as shown

in Fig. 19(a). From the corresponding FFT analysis given in
Fig. 19(b), the presence of magnets have little to no effect on
the 4-pole air-gap flux density. The analysis of the radial flux
density along the air-gap periphery by the 12-pole magnets is
shown in Fig. 19(c). Fig. 19(d) presents the FFT analysis of the
same, it is found to have a fundamental (12-pole) peak of 0.1T,
with negligible 4-pole component. The value 0.1T was chosen
since the machine is designed for a low PM torque.

The flux density profile along the air-gap periphery, when both
the winding sets are excited in their own respective MTPA points,
is illustrated in Fig. 21(a). Fig. 21(b) shows the corresponding
FFT profile. It is found to meet the desired fundamental values
for the corresponding pole numbers, along with some undesir-
able higher-order harmonics, due to the presence of slots and
fractional slot windings.

In Fig. 22(a), the flux linkage in 4-pole windings due to 12-
pole PMs, is shown. From the corresponding FFT plot illustrated
in Fig. 22(b), it is evident that the 12-pole PM has negligible
influence on the 4-pole fundamental flux linkage. Therefore,
the 4-pole component of the back-EMF induced in the 4-pole
windings by the 12-pole is negligibly small in comparison to the
rated inverter voltage. This enables the transition from combined
operation to PM-only operation by deactivating the 4-pole wind-
ings, without the need for switches. The flux linkage in 12-pole
windings due to 4-pole MMF, with and without the presence
of magnets, is illustrated in Fig. 22(c). The corresponding FFT
plot is provided in Fig. 22(d). From the profile, it is evident that
the 4-pole MMF created minimal 12-pole flux linkage in the
12-pole windings when compared with that generated by the
12-pole magnets.

The torque profile during the combined operation of the 4-
pole and 12-pole at their respective MTPA points, along with
their individual contributions, at the base speed of the 4-pole, is
presented in Fig. 23(a). The ratio of the shared torque between
the 4-pole and 12-pole is 5. The combined torque is found to
be the sum of individual components. The corresponding FFT
plot is presented in Fig. 23(b). The ripple content is found to be
below 10%.

Ideally, the proposed machine will achieve infinite speed if
both winding sets remain continuously excited. However, in
practice, the efficiency of SynRM may be low in its deep FW
region. Hence, in such applications, an early cut off may be
implemented as shown in Fig. 24. An intermediate speed of
4000 r/min is selected to demonstrate the operation. From start-
ing till intermediate speed, both 4-pole and 12-pole windings
are excited, which is represented as Mode I. At the interme-
diate speed, the excitation of 4-pole windings are removed,
and until the maximum speed, only the 12-pole windings are
excited which is represented as Mode II. The base torque of the
combined machine is 9 N · m, where 7.5 N · m is contributed
by SynRM and 1.5 N · m, by PMSM. The power-speed charac-
teristics of the proposed machine is illustrated in Fig. 25. The
power at the base speed of SynRM is found to be the same as
the power at the base speed of PMSM, which are highlighted in
red dashed lines. Hence, a CPSR of 7.4 is achieved.

The efficiencies at different torque and speeds of operation are
enclosed within the envelope of the torque-speed capability of
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(a) (b) (c) (d)

Fig. 19. (a) 4-pole air-gap Bn. (b) FFT of 4-pole Bn. (c) 12-pole air-gap Bn. (d) FFT of 12-pole air-gap Bn.

Fig. 20. Flux density distribution at 1150 r/min.

(a) (b)

Fig. 21. (a) Air-gap Bn for combined operation. (b) FFT of air-gap Bn for
combined operation.

the machine, and presented in Fig. 26. It is observed that at lower
speeds, when both the windings are functional, the efficiency is
comparatively less. This happens as at lower speeds, the power
output is less, while the copper losses are the same as that of
rated condition. This is a characteristic of all 3-φ machines.
With increasing speeds, the efficiency is observed to improve.
Above the intermediate speed, after the SynRM winding is de-
energized, the effective resistance of the machine is reduced, thus
reducing the copper losses. Hence, as described, the efficiency of
the machine is observed to improve after cut off of the SynRM
windings. This demonstrates the advantages of the proposed
machine.

Further, the changeover operation is much easier in this ma-
chine category, as the SynRM windings do not develop any PM

TABLE XIII
MATERIAL PROPERTIES

induced back-EMF. Hence, the changeover can be performed at
any speed in the FW region, without allowing any uncontrolled
regeneration. Therefore, additional switching circuitry for the
changeover can be avoided.

2) Demagnetization Analysis: The magnet is considered de-
magnetized when its operating point drops below the knee
point of the normal magnetization curve. In the 4-pole–12-
pole PMaSynRM configuration, the magnets are arranged in
an embedded manner. Here, the 12-pole windings are energized
such that the magnetic flux exclusively follows the q12-axis for
maximum torque production, from start till maximum speed.
As a result, the risk of demagnetization is absent for a pure
PMSM during operation below the base speed. However, since
the 4-pole MMF is also present from start to intermediate speed,
demagnetization analysis is conducted under these conditions.
The magnetic field intensity along the path which pass through
the center (d12-axis) of each magnet is obtained using FEA and
illustrated in Fig. 27.

The maximum demagnetizing field-intensity value is found
to be 400 kA/m, which lies above the knee point as shown in
Fig. 28, confirming absence of irreversible demagnetization.

3) Structural Analysis: In high-speed designs, centrifugal
force is expected to be the primary cause of mechanical
stress [34]. If the stress induced by the centrifugal force exceeds
the maximum yield stress, the rotor undergoes permanent defor-
mation. Therefore, FEA using ANSYS mechanical is performed
to calculate the von-Mises stress developed throughout the rotor
structure.

Table XIII lists the mechanical properties of the rotor materi-
als. The rotor is subjected to a rotational velocity of 12 000 r/min
and the stress distribution is analyzed. Figs. 29(a) and 29(b)
illustrate the stress distribution of the rotor structure from the
front and isometric views, respectively.

The stress causes deformation in the rotor. However, since
the maximum stress observed is 191 MPa, which is below
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(a) (b) (c) (d)

Fig. 22. (a) 4-pole flux linkage. (b) FFT of 4-pole flux linkage. (c) 12-pole flux linkage. (d) FFT of 12-pole flux linkage.

(a) (b) (c)

Fig. 23. (a) Torque profile at 1150 r/min. (b) FFT of torque at 1150 r/min. (c) Hardware and simulation result of torque versus β4.

Fig. 24. Torque-speed curve when 4-pole windings are removed at 4000 r/min.

Fig. 25. Power-speed curve when 4-pole windings are removed at 4000 r/min.

the 270 MPa limit, irreversible deformation does not occur.
The highest deformation, measuring 0.031 mm, occurs along
the second carrier. The isometric view of the deformation is
presented in Fig. 29(c).

Fig. 26. Efficiency curve of the proposed machine.

Fig. 27. Magnetic field intensity along d12-axis of magnets.
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Fig. 28. Operating point of the magnet.

The stress values are within limits and the deformation is
negligible relative to the 1 mm air-gap length.

B. Experimental Setup

A prototype 1.1-kW multipole PMaSynRM, as designed in
this article, has been manufactured for experimentation. The
manufactured rotor of the machine is shown in Fig. 30(c). The
motor is mechanically coupled to an induction machine (IM),
which acts as a load. The motor-load setup is provided with a
torque transducer for precise measurement of torque. The motor-
load setup is presented in Fig. 30(a).

The prototype multipole PMaSynRM is driven by two Si-
IGBT-based VSIs. An image of the inverters with their acces-
sories is presented in Fig. 30(b). The VSIs are controlled using
a digital signal processor (DSP) manufactured by Texas Instru-
ments (Model: TI TMS320F28335). The switching frequencies
of the Si-IGBT switches are 10 kHz. FOC is implemented from
both the VSI sides to extract the required steady torque from the
machine.

C. Experimental Results

In this section, the experimental validation of the proposed
concepts is presented. The test result of torque versus β4 is
shown in Fig. 23(c). It deviates from the simulation values due
to inaccuracies in the manufacturing process.

1) Experimental Verification of Various Operating Modes:
The operational concept of the proposed machine is demon-
strated as follows:

1) Both winding sets energized: The operation below the
intermediate speed is illustrated in Fig. 31(a). In this result,
both VSI currents are injected as per the MTPA condition.
The current pertaining to the 4-pole winding is captured in
Ch4, and that of the 12-pole winding is captured in Ch2.
To understand the operation of the machine in terms of the
operating frequencies of the currents and the mechanical
speed, Ch3 records the mechanical angle of the rotor, and
it can be observed that for a single mechanical cycle,
the SynRM currents complete two cycles (confirming
4-pole operation), and the PMSM completes six cycles
(corresponding to 12-pole operation).

2) Torque output: The torque of the machine is recorded
using a torque sensor and presented in Fig. 31(b). The

torque sensor delivers a current output corresponding to
the torque of the machine, which is measured using a signal
conditioning circuit. The overall gain of these circuits
is calculated, and the torque scaling is presented in the
result to be 2.08 N · m/division of the scope, and hence,
the torque output can be calculated to be approximately
8.5 N · m. Below the base speed, the rated current in
both windings contributes toward torque production based
on the MTPA condition of each motor counterpart. The
base speed for the manufactured prototype is obtained
at 1100 r/min, as can be inferred from the frequency
of the currents pertaining to the 4-pole SynRM winding
(Ch4) in Fig. 31(b). The filtered version of the applied
line voltage from the VSI-1 (meant for 4-pole SynRM)
is presented in Ch2 of Fig. 31(b). From the line voltage
peak of approximately 300 V, the per-phase voltage can
be calculated to be approximately 175 V. This value is 90
% of the maximum voltage available from the 2-level VSI
using the Sine PWM technique (as Vdc = 400 V ), and is
considered to be the voltage limit for the drive. Hence, this
speed of 1100 r/min is considered the base speed.

3) Change-over operation: Another unique feature of this
topology is the seamless and simple change-over tech-
nique. As discussed in the introduction, for the winding
change-over of PM-based machines, a current overload
is required for providing demagnetizing MMF during the
change-over. However, the proposed machine has mag-
netically decoupled 3-φ winding sets. Thus, to perform
change-over, the winding currents of SynRM winding are
simply removed. These sequences of events are presented
in Fig. 31(c). It is observed that the sudden turn OFF of
SynRM pulses does not produce any uncontrolled cur-
rent spikes (Ch. 4). The PMSM currents (Ch. 3) also do
not experience any transient currents. Thus, the change-
over technique allows seamless change-over without any
torque interruption. It may be noted that the proposed
topology does not impose any restriction on the selection
of the change-over speed. Ideally, the SynRM winding
can be operated till infinite speed, but in practice, in the
deep FW region, the torque and the power output reduce
drastically, and hence, for the sake of efficiency, the 4-pole
winding is cut off. In the experimental results, the speed
chosen for the cut off is 800 r/min. The seamless cut off
can be obtained by virtue of the decoupling of the PM
rotor flux with the 4-pole stator winding. This is confirmed
from the voltage waveform (Ch1) of Fig. 31(c), where the
back-EMF is negligible. The absence of any current spike
ensures a safe change-over process.

4) High-speed operation: One of the advantages of the pro-
posed machine is its decoupled operation, which allows
the removal of the high torque winding at high speeds,
and no additional switches are required to isolate the
section of the winding. While the results for change-over
is provided at 800 r/min, to ensure that the back-EMF of
4-pole winding from the PM induced flux is negligible
even at higher speeds, the back-EMF of the SynRM wind-
ing is captured at 1500 r/min and presented in Fig. 32.
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(a) (b) (c)

Fig. 29. (a) Front view of stress distribution. (b) Isometric view of stress distribution. (c) Isometric view of deformation distribution.

(a) (b) (c)

Fig. 30. (a) Experimental motor test arrangement. (b) VSIs for multipole PMaSynRM. (c) Manufactured rotor of the machine.

(a) (b) (c)

Fig. 31. Experimental Results. (a) Combined operation of the proposed multipole PMaSynRM, Ch1: 4-pole inverter voltage; Ch2: 12-pole current; Ch3: Rotor
mechanical angle; Ch4: 4-pole current, at 800 rpm; (X-axis:- 20 ms/div; Y-axis:- Ch1: 200 V/div; Ch2: 10 A/div; Ch3: 3.59 rd/div; Ch4: 10 A/div). (b) Output
torque during combined operation at base speed, Ch1: Output torque; Ch2: 4-pole VSI line voltage; Ch3: 12-pole current; Ch4: 4-pole current, at 1100 r/min;
(X-axis:- 100 ms/div; Y-axis:- Ch1: 2.08 Nm/div; Ch2: 200 V/div; Ch3: 15.6 A/div; Ch4: 10 A/div). (c) Currents and voltages at change-over point Ch1: 4-pole
inverter voltage; Ch2: 12-pole current; Ch4: 4-pole current, during change-over; (X-axis:- 20 ms/div; Y-axis:- Ch1: 200 V/div; Ch2: 20 A/div; Ch4: 20 A/div).

Here, it is observed from Ch. 1 that the back-EMF is
negligible. Further, the current in Ch. 4 is zero, confirming
no uncontrolled regeneration at high speeds. The torque
at high speeds is also recorded and is presented in Fig. 33.
From the scale of the Ch1 of the plot, the torque value can
be calculated to be approximately 1 N · m.

2) Experimental Torque Speed and Efficiency Plots of the
Proposed Machine: While the speed capability of the machine
in combined mode is much higher and can theoretically extend
to infinity, an early speed cut off can be performed based on
the efficiency of the 4-pole winding, which deteriorates in the

FW region. In the simulation, this cut-off speed is shown to be
near 4000 r/min. However, the maximum speed of the loading
motor of the experimental setup has to be restricted to 2400
r/min, which then becomes the maximum speed for 12-pole
operation. Hence, to demonstrate a wide speed operation of
the 12-pole winding, the change-over operation is performed
near 1500 r/min, as can be observed in Fig. 34. This does not
reduce the significance of the change-over results, as 1500 r/min
corresponds to the FW region of the SynRM winding, and thus,
the results validate the ease of the changeover process in the
FW region. The back-EMF corresponding to the change-over
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Fig. 32. Result showing negligible back-EMF in SynRM winding at
1500 r/min after change-over, Ch1: 4-pole back-EMF; Ch2: 12-pole current;
Ch4: 4-pole current, after change-over; (X-axis:- 50 ms/div; Y-axis:- Ch1:
200 V/div; Ch2: 20 A/div; Ch4: 20 A/div).

Fig. 33. Output torque during high speeds, Ch1: Output torque; Ch4: 12-pole
current, at 2400 r/min; (X-axis:- 20 ms/div; Y-axis:- Ch1: 2.08 N · m/div; Ch4:
10 A/div).

Fig. 34. Experimental torque-speed and efficiency plots.

speed has already been presented in Fig. 32. Another motivation
for the changeover is the improvement in efficiency, which is
demonstrated using the experimental efficiency plot presented
in Fig. 34. The experimental efficiency is calculated using the
ratio of the mechanical power output from the motor to the
electrical power input to the motor measured at the terminals of
the inverters. Since at higher speed ranges, only PM windings
are excited, the effective resistance of the machine is reduced,
thus reducing the copper losses. The efficiency also improves
to 96.2%. Some of the data points are highlighted, and their
corresponding efficiencies are also presented in Fig. 34.

V. CONCLUSION

In this article, a comprehensive analysis of the multipole
permanent magnet-assisted synchronous reluctance machine,
highlighting its unique design features and operational advan-
tages, is presented. By carefully designing the stator and rotor to
incorporate two distinct pole numbers, the machine delivers high
output torque while maintaining efficiency over a wide speed
range. Using independent windings for each pole minimizes
interaction between them, enabling precise control of excitation
and improving the performance and adaptability. Moreover, the
back-EMF induced in the reluctance windings due to PM flux is
negligible, making change-over operation possible without the
need for mechanical switches, thereby simplifying operation and
reducing maintenance requirements. In summary, the findings
outlined in this study pave the way for the development of
highly efficient and versatile electric machines for applications
demanding high CPSR.
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