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Abstract — In this paper, two rotor configurations including different amount of magnet and
reluctance parts are presented. The rotors are constituted by means of a flexible hybrid motor structure.
Considerable features of the hybrid structure are that the combination of the magnet and reluctance
parts can be suitably modified and the mechanical angle () between the parts can also be varied. Two
hybrid rotor configurations have been considered in this study. First, finite element (FE) simulations
were carried out and the torque behaviors of the motors were predicted. The average torque (T,yg)
and maximum torque (Ty,) curves were obtained from FE simulations in order to find suitable f.
Mathematical model of the motors was formed in terms of a,b,c variables considering the amount of
the magnet and reluctance parts on the rotor and simulations were performed. Rotor prototypes, motor
drive and drive method were introduced. Torque profiles of the motors were obtained by static
torque measurement and loaded tests were also realized. Thus, simulation results were verified by
experimental study. There is a good match between predictions and measurements. The proposed
motors are operated with electrical 120° mode as a brushless DC motor (BLDC) and torque versus
speed characteristics show a compound DC motor characteristic. The motors can be named as
brushless DC compound motors.

Keywords: Brushless machines, Permanent magnet motors, Reluctance motors, Finite element

simulations, Modelling hybrid motors, Axially laminated rotors.

Nomenclature

[V] phase-neutral voltages matrix
[[] phase currents matrix

[R] resistance matrix

[L] inductance matrix

[A] total flux on the phase winding
An] total magnet flux on the phase winding
0, rotor position

o, angular velocity

T, electromagnetic torque

T, load torque

p  the number of pole pairs

j inertia torque

m  ratio of the magnet part

r  ratio of the reluctance part

1. Introduction

Permanent magnet assisted synchronous reluctance
machines (PMa-SynRM) have become popular machines
in many applications due to having high power density,
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high power factor, high efficiency and wide speed range.
These machine types can be called as hybrid machines
since they include both reluctance and permanent magnet
torques. The rotor can be designed in many different
structures to provide both magnet and reluctance torques.

Various studies have been realized in the literature about
PMa-SynRM. Two-part rotor configuration is introduced in
[1] and analyses are realized for the hybrid motor possesses
59% reluctance part and 37% permanent magnet part. The
analyses indicates that it is possible to obtain a constant-
power speed range with currents greater than the rated
current by setting the angle between d-axes of permanent
magnet and reluctance parts to 90° [1].

A synchronous motor with two-part rotor having same
properties in [1] is studied and flux weakening performance
is experimentally investigated in [2]. It is represented
that a two-part rotor might be composed to give an
approximately constant characteristic of input power
over a field-weakening speed range, with high input power
factor [2].

A theoretical study based on the rotor design of a
synchronous machine with two-part rotor is realized by
finite element method (FEM) in [3]. According to the
numerical results design parameters are determined in
order to obtain an optimal design [3].

A synchronous motor with two-part rotor comprising
29% reluctance part and 67% permanent magnet part is
described in [4] and [5]. Output power characteristics
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demonstrate that two-part rotors have the capability of
being designed to provide good performance over a wide
constant-power speed range [4, 5].

Field-weakening performance of synchronous reluctance
motors (SynRM) and interior permanent-magnet (IPM)
motors is compared to an induction machine in [6]. The
multiple-barrier IPM motor structure shows the most
promising field-weakening performance [6].

A PMa-SynRM and drive are designed for hybrid
electrical vehicles in [7]. The motor prototype is composed
by adding proper magnets into the flux barriers. The
construction having 12 poles are found to be the best
choice [7].

In [8], a FEM approach is achieved to analyze the
effects of rotor design variables on four-pole transversally
laminated SynRM performance. It is determined that an
insulation ratio of 0.4-0.6 should be selected to maximize
the developed torque. A comparison between the effect
of the concentric winding and distributed winding is
performed considering the overall performance of the
PMa-SynRM [8].

Two PMa-SynRMs are studied by gluing axially-
laminated iron and two different magnet materials in [9]. It
is indicated that very poor maximum energy product PM
material should not be chosen for application that requires
high power density [9].

Slot effect in PMa-SynRMs is analyzed and verified by
experiments in [10]. Three different type PMa-SynRMs are
studied. The results show that the teeth harmonics can be
reduced by both more layers and stator slot skewing [10].

A four-pole IPM motor prototype including NdFeB
magnets into the transversally laminated layers is used in
[11] in order to investigate cross-saturation effects in [PM
motors and impacts on sensorless control [11].

A motion-sensorless control of a PMa-SynRM is
realized in [12]. Experimental machine is an eight-pole
transversally laminated design having four flux barriers per
pole and magnets in three flux barriers [12].

The study in [8] is improved and a FEM approach is
utilized to analyze the effects of rotor design variables on
SynRM performance in [13]. The lengths of tangential and
radial ribs affect the developed torque significantly and use
of small magnets in the rotor is recommended to saturate
these ribs and improve the performance of the SynRM.
Effects of the magnets on d—q inductances are examined
and output torque of SynRM and PMa-SynRM is compared
[13].

A design having flexible magnets between transversally
laminated layers is proposed in [14] and dynamic control
of the PMa-SynRM is realized [14].

An analytical model for a PMa-SynRM with four flux
barriers per pole is presented in [15]. The machine designer
can place the magnets anywhere in the flux-barriers by the
model. Improvement of the motor performance due to the
permanent magnets is also easily included in the Egs. [15].

In [16], an effective torque ripple reduction in SynRM
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and PMa-SynRM is carried out by designing flux barriers
of different geometries. Two motor prototypes are built and
tested. The torque ripple becomes about one-third of that
produced by the classical IPM rotor design at nominal
current [16].

Various designs of reluctance machines are discussed
in [17]. FEM is performed to simulate and calculate flux
distribution. Permanent magnet materials are added for
improving the saliency ratio. The use of permanent
magnets is exhibited to improve rotor saliency ratio and
hence the motor performance [17].

The effect of PM volume on the PMa-SynRM is
analyzed in [18], although lamination geometry and stack
length are kept fixed. The influence of the PM volume on
the machine performance is highlighted by FE simulations
and measurements [18].

An analytical procedure is presented in [19] in order to
reduce the magnet quantity in PMa-SynRMs without
affecting the torque versus speed performance. The
theoretical formulation is verified with FEA approach and
experiments on a prototype machine [19].

When mentioned studies about PMa-SynRMs in the
literature are examined, it is seen that they include
improving new designs, modeling the designs, controlling
the machines, sensorless operating and improving the
features and control methods of the existing configurations.
Popular PMa-SynRM configurations in the literature can
be generally described as the rotors made of axially
laminated layers with added flexible permanent magnet
material between the layers, the designs having permanent
magnets into the flux barriers on transversally laminated
layers and two part structures having constant ratio and
position between magnet and reluctance parts. The
common point for the presented motor types is their
operation with the principles of synchronous machines.

Regarding to the interest for the PMa-SynRMs, the main
purpose of this paper is to compare two hybrid rotors by
means of a flexible hybrid motor structure allowing the
modification of magnet and reluctance components on the
rotor. The significant features of the hybrid motor are that
the hybridization ratio is modified by the magnet and
reluctance components, the angle between the components
can be varied and drive method bases on the operation of a
brushless DC motor (BLDC). The proposed rotors are
presented in Section 2. The designs are first studied by a
set of FEA in Section 3 and then simulations are carried out
in Section 4. In Section 5, produced rotors and motor drive
are introduced and drive method is explained. Static torque
tests and loaded tests are realized and results are presented.
Finally, the results of the complete study are presented in
Section 6.

2. Proposed Rotor Structures

Proposed rotors consist of two independent sections as
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Fig. 1. Principle sketch of the hybrid rotor

magnet and reluctance parts. They are provided by a
flexible hybrid rotor configuration [20, 21]. In the hybrid
rotor structure, the parts are configured by means of
magnet and reluctance pieces.

Six magnet and six reluctance pieces are manufactured
in order to achieve different hybrid rotor types. Totally, six
pieces can be arranged on the rotor shaft. Principle sketch
of the hybrid rotor structure is shown in Fig. 1.

As it can be seen from Fig. 1 that five hybrid rotor types
can be constructed by this flexible structure. Completely
magnet and reluctance rotors can be also obtained by using
six magnet and six reluctance pieces.

Another significant feature for the hybrid rotor con-
figuration is that the position of the parts can be changed
with respect to each other by 5 mechanical degrees due to
the suitable structure of the pieces and shaft. Therefore, the
effect of different angle values between the parts can be
studied. The mechanical angle between the parts is defined
as 3. Two hybrid rotor configurations have been considered
in this paper. Studied rotors are given in Table 1.

Table 1. Proposed rotors according to numbers of the
magnet and reluctance pieces

Number of Number of Reluctance
. . Motor Name
Magnet Pieces Pieces
2 4 Hybrid A
4 2 Hybrid B

NdFeB magnets have been preferred for the magnet part
and axially laminated rotor has been built for the reluctance
part. The machine has four poles and the generated torque
includes both magnet and reluctance torques. Stator skew
angle is determined as 15° (mechanical) considering the
torque profiles obtained by FE simulations in point of
ripple and maximum value of the profile. The remarkable
dimensions and specifications of the stator and rotors are
given in Table 2.

3. Finite Element Simulations

In order to analyze the proposed rotor designs, first,
models of the rotor and stator structures are formed
according to the design parameters in Table 1. After the
motors have been modeled, FE method is performed for
the analysis of two rotor designs. Two-dimensional FE
package is used to determine the torque acting on the rotor.

In FE simulations, constant currents of 10A, 20A and
40A were applied to two stator windings respectively,
considering electrical 120° operation mode. The step for
each simulation was chosen as 5 mechanical degrees. The
angle B was also varied in the range of -50° to 15°. The
torque waveforms were obtained by means of FE method
according to variable  values and different currents for
Hybrid A and Hybrid B. Some FE results of the torque
profiles in the hybrid motors are presented in Fig. 2 at
electrical 120° operation mode for different § values (I=
20A).

In order to determine the suitable f for the hybrid motors,
the average torque (T,,) and the maximum torque (Ty.x)
can be obtained from the output torque profiles. T, is
calculated for electrical 120° operation mode, T, is
calculated to prepare the preliminary study for controlling
of the motors. Since the torque profiles were obtained for
variable § and current values, 3-D graphs were formed to
evaluate the existing data. T,,, and Ty, curves related to §
and current are shown in Fig. 3 for Hybrid A and Hybrid B.

It is seen from Fig. 3 that that at low currents,  does not
affect the T,, and T, values so much. However,
becomes a remarkable parameter by the increase of the

Table 2. The remarkable dimensions and specifications of the hybrid motor

Stator
Outer diameter 200mm Stack length 240mm
Inner diameter 125mm Number of slots 36
Number of poles 4 Winding Distributed
Lamination M400-50A Stator skewing angle 15°(mechanical)
Rated Power 10 kW Rated Speed 1900 rpm Torque 50 Nm
Rotors
Magnet Part Reluctance Part
Diameter 123.9mm Diameter 124.3mm
Magnet type NdFeB Magnetic material Grain oriented M6
Rotor material Steel 1010 Magnetic material thickness Imm
Magnet thickness Smm Non-magnetic material Aluminum
Non-magnetic material thickness Imm
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Fig. 2. Simulated torque behaviors as a function of the rotor position for different [ values in the (a) Hybrid A (b) Hybrid B
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Fig. 3. Analysis results of Ty, (a), (¢) and T, curves (b), (d) as a function of  and current for Hybrid A and Hybrid B

current. The concentrated regions of the 3-D graphs for the
hybrid motors were determined and acceptable B ranges
were obtained for T,yemax and Ty, values by using results.
Acceptable B value is determined in the range of -20° and -
10° for the hybrid motors considering FE results.

4. Mathematical Model and Simulations
of Hybrid Motors

Mathematical model of the hybrid motors are formed in
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terms of a, b, c¢ phase variables. Both magnet and
reluctance machine models exist in the model. To complete
the hybrid motor model it is important to combine two
mathematical models considering the hybridization on the
rotor. The voltage equations of the hybrid machine can be
obtained by the following equation systems.

By changing the values of m and r, the equations of the
machine model are modified and the motor acquires a
different structure.

_ 4
[V]a,b,c - [R]a,b,c [I]a,h,c + dt l]a,b,c (1)
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[ﬂ’]a,b,c = (m [Lm ]a,b,c + r[LV]a,b,c ) [I]a,b,c +m [ﬂlm ]a,b,c (2)
d
[V]a,b,c = [R]a»b,c [I]a,b,z‘ +Z
(3)
{(m[L.],,. +r (L], )1, +mlA),,
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The electromagnetic torque and mechanical equations
can also be written as

_ 1 T a [L"’ ]u,b,c 6 [L’ ]a,b,z‘
T:? - p{?[l] a,b,c [m ae + r 69 [[]fl,b,L‘

6 ﬂv"” a,b,c
+p{[l]2,b,cm—[aa] } 5)
do. j
T -T=""0L
T =TS (6)

The values of m and r variables change according to the
magnet and reluctance pieces. m and r values in the studied
motors are given in Table 3 for this work.

By constituting the mathematical equations, the machine
model was configured in the simulation program. Stator
winding resistance (R;) was defined as 0.24 Q for each
winding. Self inductance (Ly, and L,,,) and mutual
inductance (Lyqp and L,p) for reluctance and magnet
machines were identified as a function of the rotor position
as
6,)=8.4+2.6c0s(26,)+0.4sin (26, )mH (7)

(o) (0,
m(bc)( )

0,)=12.7+9.8cos(20,)-0.8sin(20,\mH  (9)
6,)=—-4.3+9.6cos(26,)—0.3sin (26, )mH

0,)=2.6+1.7cos (20,)+0.4sin (20, );mH  (8)

IS S

oo (
o ( : (10)

Then, inductance matrices (L,, and L,) were constituted
for hybrid motors according to the hybridization on the
rotor and included into the machine model. Inertia torque
values were calculated considering the materials and
dimensions of the rotors and friction was neglected. m and
r values were defined as Table 3. The angle  was set to -
20° and machine parameters were added into the model.
An inverter model possessing six semiconductor switching
elements was designed and a switching algorithm was
embedded into the inverter model. Inverter model and
drive method will be described in Section 5.1, properly.

Table 3. m and r values in the studied motors

m r Motor structure
2/6 4/6 Hybrid A
4/6 2/6 Hybrid B

a0 i TN N W | N N SN SN a0
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tis)
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t(s)

(b)
Fig. 4. Simulated phase voltage and current waveforms at
9Nm for two motor types (a) Hybrid A (b) Hybrid B

1600

—=— Hybrid A
—e— Hybrid B

5%

53

(=5

8 \
400

0 3 8 orque (N 12 15
Fig. 5. Simulated speed versus torque curves of Hybrid A

and Hybrid B

After completing the machine and inverter model, phase
voltages were produced and hybrid motors were simulated
at different load torques. Simulation results of phase
voltage and current waveforms are given in Fig. 4 for
Hybrid A and Hybrid B.

In the simulations, load torque is increased up to 15Nm
step by step and speed versus torque curves are obtained
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for two motor types. Simulated speed versus torque curves
are shown in Fig. 5.

Since the hybrid motor structures consist of magnet and
reluctance components, they can be considered as compound
motors. It can be seen from Fig. 5 that speed versus torque
curves of the hybrid motors resembles a compound DC
motor characteristic. So the characteristics are among the
characteristics of a permanent magnet DC motor and a DC
series motor.

Because the amount of the reluctance component in
Hybrid A is more than Hybrid B, the curve is more
exponential and it resembles a DC series motor
characteristic.

5. Experimental Study

5.1 Rotor prototypes, drive system configuration and
drive method

After completing FE analysis and simulations, stator and
rotor prototypes were built considering dimensions and
specifications in Table 2. The photographs of the rotors and
stator are given in Fig. 6.

The hybrid motor is needed to operate by a motor drive
synchronized with the rotor position. The motor drive
possesses two main parts. Power part consists of six N-
channel MOSFETs and control part has a microcontroller,
an EPROM and MOSFET drivers. Optic sensors are used
for sensing the rotor position.

Drive method of the hybrid motor bases on the operation
of a brushless DC motor (BLDC). Two phase windings are
activated in each state, so the motor is operated with
electrical 120° mode. Rotor position data should be
transferred to the control system to energize the stator

(b) (©)
Fig. 6. The photographs of the motor: (a) Stator and motor
body; (b) Hybrid A; (¢) Hybrid B
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winding in proper duration. According to the position data,
proper semiconductor elements are switched and a new
position data is occurred when the rotor rotates by 60°
electrical. This process continues periodically and rotor and
stator magnetic flux are kept 90° electrical with respect to
each other by modifying the stator current. Six switching
states are occurred in one electrical round of the rotor.

In this operation, motor drive and position sensing
system realizes the same function with the commutator and
brushes in direct current machines. It can be said that
electronically commutation takes the place of mechanically
commutation by this method.

5.2 Static torque experiments

For testing the motors, first, static torque experiments
were realized in order to obtain the torque profiles of the
hybrid motors. A test bench was used to measure the
produced torque according to the rotor position. The test
bench possesses a disc brake and a torque transducer. So, it
makes it possible to lock the rotor and measure the static
torque value at a rotor position. The photograph of the test
bench and proposed motor is shown in Fig.7.

Rotor of the machine was locked by the disc brake, two
stator windings were fed by a constant current value and
the static torque value was measured and recorded. Then,
the rotor was rotated by 5 mechanical degrees and the same
procedure was repeated for one electrical round of the each
hybrid rotor. All the process was also repeated for different
B values for each hybrid rotor. Similar to FE simulations, in
order to obtain the torque profiles for the BLDC operation
mode, recorded values were shifted by electrically 60°.
Measured torque profiles of the hybrid motors are shown in
Fig. 8. It can be seen from Fig.2 and Fig.8 that FE analysis
results and measured results are quite similar. However, the
maximum values of simulated torque curves are higher
than the measured values at 20A.

Static torque measurements were realized for 14
different B values and 5 different current values (SA, 10A,
20A, 30A, 40A and 50A). So, a lot of torque profiles
occurred for the hybrid motors. Similar to FE study, T,
and T, values can be obtained from measured torque

8

|
o
E

o i

Fig. 7. The photograph of the test bench and proposed
motor
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Fig. 9. Experimental results of Ty, (a), (¢) and T, curves (b), (d) as a function of B and current for Hybrid A and Hybrid B

profiles. In order to evaluate the experimental data together,
3-D graphs can be formed and T, and T, values can be
obtained related to variable f and current. Experimental
Ty and T, curves are illustrated in Fig. 9 for Hybrid A
and Hybrid B. Experimental results of T,,, and T,,,, values
are quite similar to the analysis results in Fig. 3 at low
current values. However, the measured values obtained
lower than analysis results by the increase of the current.
Although B-H curves of materials were defined in the FE
software providing the curves of real materials used in the
motor, there is a difference between analysis and
experimental results, especially at high currents. Therefore,

an advanced FE software can be used in order to include
saturation effect completely. The difference may also arise
from the elasticity of the disc brake.

It can be seen from Fig. 9 that at low currents T,,, and
Thax Values are not affected by p so much. However, the
values considerably change by the variation of B at high
current values. Acceptable B ranges can be determined
experimentally according to the maximum values of T,
and T,y

Acceptable [ ranges in Table 4 are wider than the values
formed according to FE simulations. So, a common 3 value
can be determined from FE results and Table 4. -20° was
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Table 4. Acceptable B ranges for T,ygmax and Tpx in the
hybrid motors considering experimental study

Tavgmax Tmax
l\{{otc;r B Range B Range
P (Degrees) (Degrees)
Hybrid A -20°-0° -20°-0°
Hybrid B -30° - -10° -30°--15°

chosen as f for the load tests.
5.3 Load tests

After completing static torque experiments and
determining the suitable B for the hybrid rotors, load tests
were made on the test bench. The proposed motors were
loaded by means of an auxiliary DC generator on the test
bench. Measured phase voltage and current waveforms at
9Nm are given in Fig. 10.

Experimental speed versus torque curves were also
obtained by loading the machines up step by step. The
curves are shown in Fig. 11. Bus voltage can be chosen as
48 V and maximum load torque can be achieved as 13.5
Nm because of the features of the auxiliary machine.

Experimental curves are quite similar to the simulated
curves in Fig. 5. However, simulated value of the speed is
higher than the experimental value in Hybrid A at low load

|rpuat &
40 40

a0 J a0

20 20

-20 20

=30 30

-40 FS -40
1.3 ms 20 ms/Div
(a)

Input &

30 a0
40 Doy 40

1.3ms 20 ma/Div
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Fig. 10. Measured phase voltage and current waveforms at
9Nm for two motor types: (a) Hybrid A; (b)
Hybrid B
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Fig. 11. Experimental speed versus torque curves of
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torques. In Hybrid A, reluctance percentage is more than
Hybrid B, so machine flux is quite weak compared to
Hybrid B. Due to the weak flux, motor speed reaches high
values at low torque values. Therefore the difference
between simulated and experimental values can be arisen
that the sensibility of the torque transducer may be low and
low torque values cannot be measured accurately or the
transducer may cause some error in the measurement
because of its calibration.

6. Conclusion

This paper presents a comparison of two rotor
configuration considering the amount of magnet and
reluctance components on the rotor. As a summary, rotor
configurations were introduced; FE study was performed
on the rotors; mathematical model of the motors were built
and experimental tests were realized and compared to the
simulation studies. The presentable results of the study are
given as follows:

1) The proposed motor structure enables to configure and
to compare several rotors having different hybridization.

2) The interaction between the magnet and reluctance
torques can be investigated by changing the mechanical
angle between the parts and suitable  value can be
detected.

3) The amount of the reluctance part is more than the
magnet part’s in Hybrid A, in contrast Hybrid B
possesses much magnet amount. So, Hybrid A and
Hybrid B were compared considering the produced
torques and speed versus torque curves.

4) FE study was performed in order to obtain T, and
Thax depending on current and § values and [ ranges
were determined according to the FE results. B ranges
are the same in Hybrid A and Hybrid B.

5) Mathematical models of the proposed motors were
constituted, computer aided simulations were performed
and loaded conditions were investigated.

6) Through the static torque measurements, produced
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torque waveforms were obtained for different current
and B values. Ty, and T, surfaces were formed by
experimental data. Experimental [ ranges were
determined. Experimental  ranges correspond to FE
simulations but experimental ranges are wider than the
simulated ones.

It was seen in both simulations and experimental study
that the angle B became a significant parameter along
with the increase of the current.

Experimental study was continued by the loaded tests.
Phase voltage and current waveforms are very similar
to the simulated waveforms. So, it proves the success
of the mathematical model of the motors and inverter.
The simulated and experimental speed versus torque
curves are also very similar, too. The hybrid motors can
be defined as compound DC motors having different
series and shunt windings considering the speed versus
torque curves. The motors even can be named as
brushless DC compound motors.

These results show that the proposed motor types can be
used in different applications by modifying the magnet and
reluctance parts and B according to the demand of the
mechanical load.

Owing to show a compound DC characteristic, the
unloaded speed is limited through the rotor flux in the
hybrid motors. In addition, the loaded capacity of the
hybrid motors is quite high. Eventually, usage of the
proposed hybrid motors in electrical vehicles will be a
suitable application area for this work.
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