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ABSTRACT Multi-phase permanent magnet motors are becoming popular in various applications such as
high power traction which require low cogging and torque ripple, and reduced noise and vibration. This
paper presents the development process of a full order detailed mathematical model for an unconventional
nine-phase permanent magnet (PM) motor with asymmetric AC windings. The phase inductances are
calculated based on the individual winding functions. Using these parameters, electrical equations for each
phase based on the voltages and flux linkages are generated. These equations are transformed into an
arbitrary reference frame and the torque equations are developed for the 9-phase motor. A Matlab-Simulink
model is then developed for the proposed nine-phase PM motor based on the developed dynamic equations.
Finally, the model is validated with the finite element analysis and laboratory testing of the prototype motor.
It is shown that the developed mathematical model can be used for such complex asymmetric winding
multi-phase PM motors.

INDEX TERMS Electric traction, mathematical modeling, multi-phase machines, nine-phase permanent

magnet motors, unbalanced winding motors.

I. INTRODUCTION

Due to recent developments of the semiconductor
technologies, high speed microcontrollers, intelligent power
electronics modules and introducing the high strength
Neodymium-Iron-Boron (NdFeB) magnet materials, wide
range of application areas are presented for the permanent
magnet (PM) synchronous motors. Because of the various
benefits of PM motors such as high power/torque density,
high torque-current ratio, high efficiency and quite operation,
the use of such motors increases as opposed to other types
of brushed or brushless motors especially in transportation
and traction applications [1]-[5]. On the other hand, multi-
phase PM motors have been gaining popularity in recent years
particularly in high power electric and hybrid vehicles as well
as defense applications due to the high torque density, fault
tolerance capability, redundancy and reliability [S]-[14].

The associate editor coordinating the review of this manuscript and

approving it for publication was Kan Liu

70182

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

Three-phase PM motors with conventional or unconven-
tional winding structures can be utilized as the building
blocks for six, nine and more phases. If the number of phases
is multiple of three, three-phase winding configurations with
or without a phase shift could also be considered as the build-
ing block. While the design and modelling of the balanced
multiple three-phase motors are investigated widely, there
are very limited number of publications covering nine-phase
PM motor design in literature with balanced winding struc-
ture [15]-[19]. In addition, a few studies have been reported
in literature on six-phase and nine-phase PM motors with an
unbalanced winding structure where it provides significant
benefits such as extremely low cogging, ability to provide
precise control at low speeds and low total harmonic distor-
tion (THD) levels of back electro motor force (Back EMF)
voltage [20]-[24] compared to balanced winding structure.
There are several studies reported about nine-phase machine
modelling and control techniques for the motors with con-
ventional symmetric winding (SW) configuration [25]-[33].

VOLUME 8, 2020


https://orcid.org/0000-0003-3013-2197
https://orcid.org/0000-0003-0632-6143
https://orcid.org/0000-0002-0598-8703
https://orcid.org/0000-0002-3998-7194

E. Yolacan et al.: Modeling and Experimental Verification of an Unconventional 9-Phase Asymmetric Winding PM Motor Dedicated

IEEE Access

FIGURE 1. Previously designed 9-phase AW-SMPM Motor, (a) prototype motor, (b) stator housing, (c) airgap view and

(d) rotor structure and magnet placement.

(b)

FIGURE 2. 3-phase winding distribution of the 9-phase PM motor (a) with 108 slots (q = 1 slot/pole/phase) and (b) 117 slots (q =

1.083 slot/pole/phase).

On the other hand, there is no modelling and verification
study reported for the nine phase PM motors with asymmetric
winding configuration.

In this paper, a full order mathematical model is intro-
duced to a new 9-phase asymmetric winding surface mounted
permanent magnet (AW-SMPM) motor. In order to obtain
the electrical equations, the winding structure is first defined
discretely and then using the Fourier series estimation a
continuous form of the winding distribution is defined. In the
proposed mathematical model, all the derivations are carried
out based on the magneto motor force (MMF) functions and
stator inductance matrix. In addition, the effects of asymmet-
ric windings and unbalanced mutual inductance terms of the
machine parameters have been examined in detail. Finally,
experimental studies have been carried out for stator and gd0
axes currents, inductances and torque output.

Il. ANALYSIS OF THE NINE-PHASE AW-SMPM MOTOR
A. DESIGNED 9-PHASE MOTOR STRUCTURE

In this study, a 9-phase unconventional AW-SMPM motor
has been examined and illustrated in the Fig.1. This motor
has structural asymmetry in the stator and winding config-
uration, which results with the phase angles being different
from 120 electrical degrees. Although the stator windings
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are placed asymmetrically, phase resistances have the same
values. General specifications of the motor are given in the
Table 1. Design of the 9-phase PM motor with odd number
of slots and asymmetric winding configuration have been
presented in earlier studies in order to achieve lower torque
ripple without any stator or rotor skewing [21]. The main
benefits of the AW-SMPM motor are the high torque qual-
ity and extremely low cogging component due to the odd
fractional slot combination. Fig. 2 (a) shows the winding
configurations of a conventional 9-phase motor with integer
slot combinations (108 slot, 36 pole motor). Fig. 2 (b), on the
other hand, shows the proposed asymmetric winding 9-phase
PM motor with fractional slot combinations (117 slot, 36 pole
motor). Detailed finite element analysis (FEA) simulations of
the AW-SMPM motor with nine-phase 117-slot and 36-pole
motor were completed and no-load flux density distribution
of the motor is presented in the Fig. 3 (a-b). Furthermore,
the obtained output torque and cogging torque variations
from FEA are given in the Fig. 3 (c). FEA simulations were
performed for 15A peak current value in order to be con-
sistent with the experimental data. It is seen that 50.76 Nm
average torque and approximately 0.02% cogging torque
values are obtained. When the proposed 9-phase motor is
compared with conventional 3-phase motor, it is observed
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FIGURE 3. FEA process, (a) motor model, (b) no-load flux density distribution, (c) output torque and cogging torque

variations.

TABLE 1. Motor parameters.

Symbol  Parameters Value
T[Nm] Rated torque 50.76
1[A] Rated current 32
Qs Slot numbers 117
m Number of phases 9
L[mm] Stator OD 370

P Number of poles 36

that the torque-to-mass ratio (Nm/kg) as well as torque con-
stant (Nm/Arms) becomes higher in 9-phase motors than its
3-phase counterparts. In addition, total losses are smaller in
9-phase motor resulting with higher efficiency. However,
radial forces increase as the asymmetry is introduced at
the winding configuration and additional torque ripple will
be produced during operation. In order to highlight the
advantages of the proposed 9-phase motor, FEA results com-
paring it to a conventional 9-phase design (with and with-
out skewing) are summarized in Table 2. As seen from
the table, although the rated torque value of the proposed
motor is lower than a balanced 9-phase option, it offers
less torque ripple percentage, cogging torque and THD level
when compared to balanced 9-phase motor without skewing
option.

B. ASYMMETRIC WINDING STRUCTURE

AND PHASE ANGLES

In general, stator winding configurations of electrical
machines can be categorized in four categories including
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integral slot winding, fractional slot concentrated winding
with two options (where slot per pole per phase is fractional
and lower than 1 and fractional and greater than 1) and
unbalanced winding types. Nevertheless, in some cases a
symmetric and balanced winding configuration cannot be
achieved because of the slot-pole combinations. These kinds
of electrical machines are referred to as unbalanced winding
motors. The 9-phase winding configuration can be considered
as three 3-phase winding sets, which are separated from
each other by 6. Fig. 4 shows possible representations of the
magnetic axes of stator winding of any 9-phase motor. In this
figure, the winding vectors of 9-phase motor are labelled with
ABCx, where x = 1,2,3 and denotes 3-phase winding set.
Furthermore, o and B describes the electrical phase angles
between the A1-B1 and A1-C1 windings, respectively. The
other winding sets shifted by 8 and 26 electrical degrees with
respect to A1-B1-C1. It is easily seen that several winding
options can be designed by changing the angle between the
winding sets. As a result, if « and B angles equal to 120 elec-
trical degrees, motor become a balanced and symmetrical
winding structure. In the designed 9-phase motor, o and B
angles are designed as 116.04 and —116.74 electrical degrees,
respectively and therefore an asymmetric winding configura-
tion is created. Displacement of all winding sets along the
stator circumference and the winding distribution of all nine
phases are depicted in the Fig. 5. In order to determine the
asymmetric phase angles (« and 8), the individual coil electro
motive force (EMF) vectors of each of the phases are used.
In order to see the effect of the phase angles, a slightly worse
case is examined in this paper.
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FIGURE 4. Vector of magnetic axes, (a) general representation for 9-phase motors, (b) proposed motor.

TABLE 2. Performance comparison between balanced 9-phase (integral slot) and unbalanced 9-phase (fractional slot) motor.

108-Slot with 36-pole 117-Slot with 36-pole
With Skew (0ue=3.33% | yyiour Skew Without Skew
mechanical)
DC Bus Voltage (V) 32
Current per Phase (A) 19.03 15
Number of Turns 6 5
Peak to Peak Cogging Torque (Nm) 27.4 0.02
Rated Torque (Nm) 52.08 53.8 50.76
Rated Speed (rpm) 131 125 157
Torque Ripple Percentage 51.3 6.7
%THD for Line Back-EMF 0.25 2.2 1.34
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FIGURE 5. Motor design, (a) winding placement, (b) winding distribution of designed 9-phase asymmetric PM motor.

The winding function in discrete form is defined with
respect to the positions of the stator slots, which is given for
the first 3-phase set in the Fig. 6 (a). Then the continuous
form of this discrete form of the winding function is defined
via Fourier series approximation. According to the Fourier
series approximation, the winding function of any phase of
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the machine is describe as:

oo
W (@) = a0+ ) ancos (nd) + by sin (ng)

n=1
where a, and b,, are the coefficients of the Fourier series, ag
is the average value, n represents the harmonic numbers and

ey
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FIGURE 6. Winding distributions, (a) phase A1, B1 and C1, (b) calculated winding function of Phase A1, (c) harmonic components.

¢ denotes the position of stator circumference. Because of
the winding functions are not symmetric and different from
the conventional balanced windings, higher order harmonics
are necessary to obtain accurate MMF distribution. There-
fore, first 200 harmonic components are considered to obtain
proper winding functions. The estimated winding function of
phase Al and its harmonic components are depicted in the
Fig. 6 (b) and Fig. 6 (c) respectively.

C. INDUCTANCES AND FLUX LINKAGES

Since the proposed 9-phase motor is a surface mounted per-
manent magnet motor, the air gap function may be considered
as a constant and expressed as:

(@)

The air gap flux density due to winding b, flux linkage and
mutual inductance terms between phase-a and phase-b can be
calculated with the following expressions. Where, if a = b
than the self-inductance of any phase can be obtained.

g (@) = gag

By ($) = 4iaywb () i 3)

2

Wa ($) W (9)
hab = 1| ——"""d 4
b Ko r / 2 @) ¢ 4)
0
2
Loy =2 —pont [ P4y 5)
b 0

where (g,  and [ denote the vacuum permeability, radius of
the stator inner frame and stack length, respectively. It has
to be mentioned that the inductance expression given above
consists of magnetizing inductance value.

Due to the fact that both the rated current of the motor is
32A and magnets are surface mounted, inductance values are
not expected to be affected by saturation. In addition, since
simulation studies and tests are performed below 32A rated

70186

current, saturation effects are not significant in the considered
design.

Ill. MATHEMATICAL MODELLING AND SIMULATONS OF
THE NINE-PHASE AW-SMPM MOTOR

The mathematical model helps provide physical understand-
ing of the machine performance can be used in optimization
process since it is faster compared to FEA and also it is useful
from a control perspective. During the mathematical deriva-
tion process for the proposed PM motor, some limitations
and assumptions are considered such as airgap distribution
is considered perfectly sinusoidal, permeability of iron is
considered infinite and the magnetic system is considered as
linear. A mathematical model of the asymmetric 9-phase PM
motor is developed based on per phase electrical equations,
which can be written in the stationary stator reference frame
as follows:

Vabe—x = Tslabe—x + Prabe—x (X =1, 2, 3) (6)
where abc denotes the stator phases, x is number of the stator
winding sets and p is time derivative.

In addition, Vg pe—y, ¥, labe—x» Aabe—y terms describe the
phase voltages, stator winding resistance, phase currents and
flux linkages, respectively. For a magnetically linear system,
flux linkages of 9-phase permanent magnet motors in the
stationary reference frame may be expressed as:

Aabe—x = Labe—xlabe—x + Am—abe—x (X =1, 2, 3) @)
where Lgpe—x and Ay,—gpe—x define the stator windings induc-
tance matrix and magnet flux linkages, respectively. Since
the 9-phase motor has structurally asymmetric windings,
the angles between the stator magnetic axes are not equal to
120 electrical degrees and therefore, the transformation to an
arbitrary reference frame is reconfigured with the values of
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o = 116.04° and B = —116.74° and given in (8):

cos(@) cos(@ —a) cos(f +a)
A6, B) = % sml(e) sm(@l— B) s1n(91+ B)
2 2 3
A A A
T9*—phase (09 a, /3) = 3 3 3 ®)

Using the transformation matrix defined above, any variable
in the stationary axes can be expressed in the rotating qd0
axes via:

Jad0123 = T5 e (6 &, B) fube, 123 )

where either voltage, current, flux linkage or the other
machine terms can be represented by means of f. The flux
linkages in gd0 axes can be written with (10), as shown at
the bottom of this page by using (9). In order to continue the
analysis, we need to know the stator inductance matrix and
magnet flux linkages. The stator inductance matrix (Lgpc—y)
of the 9-phase motor can be given in (24) where abc-x (x =
1, 2, 3) denotes the winding sets and the inductance matrix
consists of self and mutual inductance terms of the all three
winding sets. In contrast to the machines with symmetri-
cal winding structure, the mutual inductance values of each
winding set of the proposed motor are obtained in different
values, where Myp_yy # Myc—xy. On the other hand, flux link-
ages constituted by the permanent magnets can be described
in matrix form in equation (11), as shown at the bottom of
this page, where A, denotes the amplitude of the magnet
flux linkages, o and B are phase angles (Fig. 4) and 6 is
the electrical rotor position. The second part on the right side
of (10) refers to the magnet flux linkages in terms of abc axes
variable and can be obtained in gd0 by using the (9) as stated
below:

T
)quOfx:)Lm[(Sql 341 d01 g2 Sa2 02 843 Ba3 503]
(12)

where 8440723 terms are the results of the matrix multi-
plication of (9) and (11) and are the function of electrical
rotor position. Furthermore, the expanded version of 8440123
terms are given in the appendix. Unlike the conventional
motors, it can be seen from the above equation that the
magnet flux has components on the ¢ and 0 axes, albeit
small. Because the all-magnetic axes of three winding sets are

placed over each other and all gd0 axes are mutually coupled,
the following equation can be used for all elements of the
inductance matrix.

T9*7phaxe (9’ o, ﬂ)fx)’T;lphase (0’ a, '3)71 (13)

In addition, how the (13) should be applied to the inductance
matrix is given below:

T(0)L1T(0)! T(0)M 2 T(0)! T(0)M3T(0)!
T(O)M21T(6)" T(G)LzzT(e)’] T(G)M23T(6)’]
T(0)M3,T(0)! T(6)M3T(0)! T(0)L3;T(0)!

The obtained flux linkages matrix of the nine-phase motor
is given in (25) where Lygo—x and Mygo—xy (x, y = I,
2, 3) are self and mutual synchronous inductance terms of
9-phase proposed motor. As seen from the gd0 axes induc-
tance matrix, there is no mutual inductance between gd,, and
O,y axes, although there occurs mutual inductance between
the gy, and dy, axes. In addition, some mutually inductances
(shown in red) in the same matrix have a negative effect
on the output torque as it is calculated negatively. Further-
more, expanded equations of the flux linkage terms are given
in (14-22) in the ¢gd0 rotating frame. Here, the flux linkages
for the first 3-phase set are given in (14)—(16) as shown at
bottom of this page. Similarly, flux linkage terms for the sec-
ond 3-phase set are given in (17)—(19), as shown at bottom
of the next page. Finally, flux linkages for the third 3-phase
set are provided are given in (20)—(22), as shown at bottom
of the next page, where Agq0—x, Lgdo—x and Myq0—. describe
the flux linkages terms, synchronous inductance and mutual
inductance in the rotating qd0 axes of each 3-phase winding
sets, respectively. Here the flux linkage term M,y aw arises
from the mutual inductances of the asymmetric windings and
expanded versions also are given and dashed areas define the
standard flux linkage terms.

If the transformation matrix T*(@, «, 8) and its inverse
T*@, a, )~ are applied to the voltage equation that given
in (6), voltage equations in terms of gd0 axes variables can
be obtained as stated below (26-28), as shown at the bottom
of the next page. It is easily seen from the equations that all
qd0 axes voltages have coupled each other because of the
flux linkage terms are given in (23)—(25), as shown at the
bottom of the next page. Since the proposed 9-phase motor
has three separate 3-phase winding sets, total electromagnetic

hgd0—x = T3 ppase 02 B) Labe—xT5ppase 0.0t B igao—x + To_ ppase (0, B) Am—abe—x (10)
Mabe—x = Am [sin(@) sin(@ — ) sin(@ + B) sin(@) sin(@ — «) sin(@ + B) sin(@) sin(@ —a) sin(@ + /3)]T (11

gl = }Lquiql "+ Mo aw_q1 = Latigt + [Mgiatia1 + Mgipiqz + Mgraziaz + Mgig3igz + Mgiazias + Amdq1 ] (14)

o1 = {Lotiot|+ Meg_aw_o1 = Lotio1 + [Mo1o2i02 + Mo103io3 + Ambo1] (16)
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description

Describing MMF functions

FIGURE 7. Overall flow-chart scheme of derivation process of the mathematical model.

output torque consists of sum of these three winding sets
and can be described in (29) where j, A4¢ and izg define
the number of the winding sets, flux linkages and currents,
respectively. Additionally, the detailed torque output expres-
sions can be given in (30-32) for each three winding sets. The
left sides of the (30-32) are the conventional torque equations
(dashed areas); the right sides, on other hand, are due to the

asymmetry and coupling term. It is easily seen from the (30-
32) that the output torque obtained from the each winding sets
are interdependent with the inductances and gd axes currents
of the other windings.

3
3 P
Te—total = Z <§> <E) ()‘djitﬂ - )‘jSdj) 29)

=1

Ag2 = |Lppigpl+ Meg_aw_q2 = Lpiqz + [Mpqriqn + Mgppaiia1 + Mgzaziaz + Mpgsigs + Mgpazias + Amdgz ] (17)
har = | Laziaz + dmazl+ Mer aw_a2 = Laziaz + Ambaz + [Mazgiigt + Mazaviar + Maxgpiga + Mazgsias + Mazazias] (18)
o2 = |Lozig2|+ Mer_aw_02 = Loz2ioz + [Mo2o1ior + Mo203i03 + Amdo2] (19)
Agz = }f@@}—k Mg aw_g3 = Lgzigs + [Myaqrigi + Mgariar + Mggigr + Mgzaziaz + M3azias + Amdg3 | (20)
ha3 = | Lasias + Amba3l+ M aw_a3 = Lazias + Amba3z + [Mazgrigt + Mazaviar + Mazgigz + Mazaziaz + Masgaigs] (1)
ro3 = |Lozios|+ Meg_aw_03 = Lozios + [Mo3o1ior + Mozo2i02 + Ambo3] (22)
1. ~1
Vgio—x = T* (6., B) riT* (6,0, B) " igao—s + 7% (6.0, B) p [ T* (6, . B) ™" Agao— 23)
Lar Maipr Marer Mata2 Magp2 Mare2 Matas Maips Maics
Mprar Lot Mprcr Mpra2z Mpip2 Mpic2 Mpraz  Mpipzs  Mpics
Mciar Merpr Ler Meja2 Merpz Meje2 Merazs Mepps Meies
Ma2ar Mapi Mazer Loz Mazpz Ma2e2 Ma2a3 Ma2ps  Maoes
Lape—x = | Mp2ai  Mp2pr  Mp2c1 Mp2a2 Lp2 Mpae2 Mp2a3  Mp2pz  Mpocs (24)
Mc2ar  Mce2pr Me2er Mce2a2 Me2i2 Mc2a3  Me2pz Me2es
Muzar Mazor Mazer  Mazaz Mazp2 Masez Loz Mazps Mases
Mp3ar  Mpzpr  Mpszer Mpza2z Mpzp2  Mpze2 Mpzaz Loz Mpses
Mcsar  Mespr Meser Mezaz Mesp2 Meszez Mezazs Mesps Les
Ly Mgjar 0 Myig2 Myig2 My1gs Mgjas 0 l:ql 8q1
My1g1 Lar 0 Maigz  Maja Myigs  Maiaz 0 idi 8dr
0 0 Lo 0 0 Mo12 0 0 Mojo3 io1 801
Mg Myar 0 Ly Mpaz M2z Myoas 0 l:qZ )
Agdo—xy = | Mg2ar  Maai 0 Mypa2  Laz Mgz Maas 0 iz | +Am | a2 (25)
0 0 Mooo1 0 0 0 0 M03 i02 302
Myzqr Myar 0 Mysq2  Mgsa Ly Mgsas 0 l:q3 33
Mazgr Maszar 0 Myza2  Mazaz Mgzaz  Laz 0 iq3 843
0 0 Mo3o1 0 0 Mo302 0 0 Lo3 i03 303
Vax = Fsigx + ©hgx + phgy (26)
Vax = Fsigy — @hgx + pAax 27
Vox = rsiox + pAox (28)
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FIGURE 8. Simulation results; phase currents, (A) set1 (ABC1), (b) set2 (ABC2), (c) set3 (ABC3) and (d) output torque.
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Ter = Latria1 + Amba1) ig1 — Lgtigriar |

+ H(Meﬁ“_AW_dl) iqt — (Meg_aw_q1) idl} (30)

Teo = |(La2ia2 + Amba2) iz — Lypigpian |

+ {(Meﬁ'_AW_dZ) ig2 — (Meg_aw_g2) idz} (€29)]

Te3 = }l(Ld3l'd3 + Amba3) i3 — Lyzigaias }
+ {(MeﬁgAw,ﬁ) i3 — (Mefr_aw_g3) id3} (32)

where M _aw_gq terms arise from the asymmetric winding
structure, which do not exist in the conventional symmetric
winding machines and are defined in (14-22).

Furthermore, overall flow chart of derivation process of the
mathematical modelling is summarized in the Fig. 7. It has to
be pointed out that development process of the mathematical
modelling is suitable for all of the 3, 6 or 12 etc. phase motors
regardless of the SPM or IPM rotor structures.

The Matlab-Simulink model of the proposed 9-phase
AW-SMPM motor is generated to see the accuracy of the
mathematical model obtained in the previous section. In the
simulation study, 15A current value is given as a reference
signal for the each three-phase winding sets, and the results
are shown in the Fig. 8 (a-c). Although all the peak values of
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FIGURE 10. Experimental test system of the proposed 9-phase motor.

stator currents are about 15A, there occur small differences
between the peak values of phase currents due to asymmetric
winding and unbalanced mutual inductances. Moreover, the
obtained torque output is also given in the Fig. 8 (d). FEA
show that 50.76Nm average torque is obtained with 6.7%
torque ripple while 48.73Nm average torque is obtained with
6.28% torque ripple using the motor model presented.

There is roughly 4% error between the FEA and the model
presented. Since the proposed 9-phase motor has asymmetric
stator windings and has unbalanced self and mutual induc-
tances, the maximum torque value has been obtained at an
angle different from 90° electrical angle. Simulation has been
performed based on the electrical equations given in previous
section for the rated values. Fig. 9 shows the variation of
output torque value in terms of three winding sets and total
torque. For the proposed motor, maximum torque is obtained
at nearly 88.5° torque angle for all three phase winding
sets. It is clearly seen that the positive d axis current value
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FIGURE 12. Test result of torque vs torque angle characteristic.
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TABLE 3. Comparison of the obtained torque outputs. 60
Average Torque %Torque % Error on § 50 /
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Math. Model 48.73Nm 6.28% 4% s 30
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gﬂ 20 Math
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increases the total torque output since it reduces the effect of 10 Exp.
unbalanced negative inductances. 0
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IV. EXPERIMENTAL RESULTS AND COMPARISON
Current [A]

The prototype motor is tested and the results are presented to
see the accuracy of FEA and developed mathematical model.
The experimental setup consists of dSPACE MicroAutobox
II, three IGBT (insulated gate bipolar transistor) power elec-
tronic modules, proposed 9-phase motor, load motor and
torque meter are illustrated in the Fig. 10. During the exper-
imental studies, 15A peak currents are given as a reference
signal to the all-winding sets because of the output torque
limitation of the load motor.

The test results are illustrated in the Fig. 11. As seen from
the figure, stator currents are obtained as desired with some
harmonic components and different peak values as in the
simulation. Moreover, output torque data has a 48.17 Nm
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FIGURE 13. Comparison of average torque outputs.

average value with 8.57% torque ripple although 2D-FEA
provides 6.7%, mathematical model provides 6.28% ripple
the discrepancy is arising from the test setup alignment.
It has obviously been noticed that there is a good agreement
between FEA, simulation and experimental studies.

On the other hand, maximum torque for all three phase
winding sets (Fig.12) is obtained at a torque angle of 87°
which is very close with mathematical model (88.5°). Com-
parison of the obtained torque data between FEA, simulation
and experimental study is also presented in Table 3.
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In order to show the accuracy of the mathematical model,
different values of currents are given as a reference signal
to the controller and the obtained results are summarized
in Table 4 and Fig. 13. It can be concluded that there is a good
agreement between mathematical modelling and test results
and the developed model provides results with less than 2%
error compared to test results.

V. CONCLUSION

In conclusion, this paper presents a full order mathemat-
ical description, modelling, FEA simulations and experi-
mental verification for a previously designed unconventional
9-phase AW-SMPM synchronous motor. Detailed mathe-
matical derivations are obtained in terms of flux linkages,
voltages, inductances and torque equations are presented.
Dynamic machine equations of the proposed 9-phase AW-
SMPM motor are attained based on the winding functions
of all phases and observed separately for the triple 3-phase
winding sets. It is perceived that asymmetric and unbalanced
stator currents occur in this type of winding configurations
and cause oscillations on dq axes currents and torque output.
The fact that some of the mutual inductance values are nega-
tive lessens the output torque although it is fairly small in the
proposed 9-phase motor. Furthermore, the mathematical find-
ings are confirmed with both FEA and experimental results.
Finally, it can be concluded that the proposed 9-phase motor
can be controlled by a control strategy that will eliminate the
drawbacks of the asymmetric windings.

APPENDIX

In this section, the obtained results in terms of expanded
versions of the magnet flux linkage terms are presented.
In the proposed motor, coefficients of the magnet flux linkage
changes sinusoidal on the contrary of conventional symmet-
ric winding motors. This indicates that the magnet flux has
components both in g and 0 axes in addition to the d axis.

cos (20 +37.92°)  sin (20)
8g—123 = 3 3
sin (20 + B + o — 180°)
B 3
2c0s (0 + B —90°)°  2sin (6)?
8d—123 = 3 + 3
2sin (6 — a + 180°)°
3
cos (9 + B — 90°) sin (6)
80123 = 3 3
sin (9 —o+ 180°)

3
where o, § are the angles between the stator magnetic axes
(Fig. 4) and 6 denotes rotor position
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