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Abstract: Claw pole machines (CPMs) have the advantages of a simple structure and low cost; there-
fore, they are commonly used in electric vehicles (EV). However, the methods to improve reliability
and efficiency should be studied. So, a new type of hybrid excitation claw pole machine (HE-CPM)
for EV is proposed. The permanent magnet (PM) is inserted in the rotor, and the field winding is
placed on the front and back ending cover. Because the hybrid flux path of the proposed machine
is three-dimensional (3D) and 3D finite element analysis (FEA) is time-consuming, a 3D magnet
equivalent circuit (MEC) method considering rotor position is proposed and results between 3D
MEC and FEA are compared. Particle swarm optimization (PSO) and 3D MEC are combined in the
optimization design of HE-CPM. The optimized results prove the effectiveness of the optimization
method. Finally, the flux density distribution, electromagnetic characteristics of HE-CPM are evalu-
ated. The thermal analysis and mechanical stress analysis are carried out. The HE-CPM prototype
was manufactured. The direct current (DC) bus voltages under different excitation currents and
load currents are measured and compared with those of FEA. When the armature current and the
excitation current are 7 A and 4 A, respectively, the rated power and rated speed of HE-CPM are
10.28 kW and 3000 rpm, respectively. The maximum efficiency is 89%. FEA results are basically
consistent with the experimental results. Accurate results and time savings can be achieved by
combining PSO and 3D MEC.

Keywords: claw pole machine (CPM); hybrid excitation (HE); magnet equivalent circuit (MEC);
permanent magnet (PM)

1. Introduction

Claw pole machines (CPMs) have been widely used in electric vehicle (EV) applications
due to their simple structure and low-cost merits [1-5]. Nevertheless, they hardly achieve
perfect performances in the EV system that requires both high power density and a wide
flux-weakening range [6]. Moreover, conventional CPM has two major drawbacks: claw-
to-claw flux leakage leads to low efficiency and the use of a slip-ring system leads to low
reliability [7-11]. A permanent magnet claw pole machine (PM-CPM) can address the
slip-ring system problem and the permanent magnet (PM) excitation method can reduce
the volume of the machine and improve the power density and efficiency [12]. However,
it is difficult to regulate voltage and is easily affected by temperature. Hence, the hybrid
excitation method is introduced as a decent candidate for the EV system [13-15]. In a
hybrid excitation claw pole machine (HE-CPM), the PM excitation can bring high power
density and the field excitation ensures good flux regulation capability [16,17]. The air gap
field is mainly produced by PMs and the role of the field current is to adjust the air gap
field. HE-CPM can achieve a wide constant power speed range and higher efficiency at the
flux weakening region [12].

Dealing with HE-CPM, different topologies have been reported. A HE-CPM for
vehicles is proposed to address the large claw-to-claw flux leakage problem and a prototype
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with a rated power of 1.5 kW is made [3]. A HE-CPM which consists of a PM excitation in
the rotor and a field excitation in the stator is proposed and the back electromotive force
(EMF) production capability is improved [7,8]. Moreover, various topologies are compared,
including the series flux path HE-CPM, the parallel flux path HE-CPM, brushless HE-
CPM, and the PM-assisted brushless HE-CPM. The last topology exhibits the highest
back EMF production capability and the reliability is improved because the brush-ring
system is removed in that topology [4,9]. A brushless electrically excited CPM for a hybrid
electric vehicle is designed and analyzed. It exhibits good excitation ability with minimized
excitation copper loss and the brush-ring system is eliminated to improve reliability [11].
A HE-CPM with a laminated rotor structure is proposed. The laminated rotor solution
makes it easier to be manufactured [13]. A HE-CPM with a suspended brushless electrical
excitation rotor and combined PM rotor is proposed to reduce excitation loss and improve
efficiency [15].

To sum up, HE-CPM is suitable to be used in EV applications. However, the three-
dimensional (3D) hybrid magnetic circuit in the machine means that HE-CPM can only be
simulated by 3D finite element analysis (FEA) which takes an inordinate amount of time.
The magnetic equivalent circuit (MEC) method has been used for decades for machine
electromagnetic analysis. Compared with 3D FEA, the MEC method enables the user to
model any machine with a small number of elements, and retain a high computational
accuracy [8]. The nodal and mesh-based MEC methods are compared, a mesh formulation
can yield a model that is much more efficient numerically than the nodal MEC method [18].
A 3D MEC modeling for HE-CPM is proposed. The Newton-Raphson iteration is used to
derivate flux linkage and back EMF [19,20]. The saturation effect inside HE-CPM and the
claw-to-claw flux leakage are taken into account in an improved MEC method [8]. A 3D
MEC method is used to establish an equivalent model of a hybrid excitation synchronous
machine. The prototype test platform is established to verify that the 3D MEC method has
high calculation accuracy, and the calculation time is reduced [21].

In this article, a new type of HE-CPM for EV application is introduced. The PM is the
main excitation source, and the field excitation coils are placed on both sides of the ending
cover to adjust the magnetic field. Meanwhile, the slip-ring system is removed from the
machine to improve reliability.

2. Machine Configuration and Flux Path
2.1. Machine Configuration

The configuration of the proposed HE-CPM is shown in Figure 1. The generator
mainly consists of the stator core, claw-pole rotor, nonmagnetic ring, front and back ending
covers and enclosure. The stator core is formed by axial lamination of silicon steel sheets,
twelve armature coils are wounded in stator slots, and the current polarities are shown
by blue dots and crosses in Figure 1a. The rotor part is composed of two mutually nested
claw-pole rotors, PMs and rotor yoke, as shown in Figure 1b,c. PMs are inserted in the two
claw-pole rotors, and the magnetization directions of PMs are shown by the blue arrows in
Figure 1a. The rotor yoke is sleeved on the two mutually nested claw-pole rotors. Two field
windings are placed in front and back ending covers, respectively, and they are connected
in series.

The structural advantages of the proposed HE-CPM are summarized as follows:

(1)  The size of the slot formed by the two claw-pole rotors exactly matches the size of PM.
Therefore, no glue is needed when assembling the rotor, which is more environmen-
tally friendly. The noise when the rotor moves is also reduced.

(2) The field winding is placed at the end cover of the proposed HE-CPM. Compared with
the hybrid excitation machine with the field winding placed on the stator, placing the
field winding at the end cover can reduce the complexity of machine configuration.



Processes 2022, 10, 541

30f23

Armature windir
v Sy g Stator core Enclosure == >
1

=Back ending cover
Nonmagnetic ring 7 -Armature winding
Field winding - ~SBOreoe
“~Rotor yoke
Front ending cover

Front ending cover

Axial magnetic bridge Rotor yoke
Claw-pole rotor

Armature winding
Stator core

Y
%Z Field winding PM
X

Figure 1. HE-CPM structure diagram. (a) Front view. (b) Section view. (c) Exploded view.
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2.2. Hybrid Flux Path

The hybrid flux path in HE-CPM is shown in Figure 2. The PM field is the main
magnetic field, and the PM excitation flux path is indicated by the blue arrow in Figure 2a.
The PM excitation flux passes through claw-pole rotor finger, rotor yoke, main air gap,
stator tooth, stator yoke, adjacent stator tooth, main air gap, rotor yoke, claw-pole rotor
finger. The field excitation flux path is indicated by the red arrow in Figure 2b. The field
excitation flux passes through claw-pole rotor finger, rotor yoke, main air gap, stator tooth,
stator yoke, adjacent stator tooth, main air gap, rotor yoke, claw-pole rotor finger, back axial
magnetic bridge, back ending cover, enclosure, front-ending cover, front axial magnetic
bridge, claw-pole rotor finger. The field excitation flux plays an auxiliary and modulation
role, and the hybrid flux path is parallel.

~Back ending cover

Field winding /_
Claw-pole rotor~ /_ ~ ~~~< . ~Stator core

~Rotor yoke
M

~Back ending cover

Field winding /_
Claw-pole rotor< /_ ~~~~< 1T ~Stator core
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(b)
Figure 2. Hybrid flux path in HE-CPM. (a) PM excitation flux path. (b) Field excitation flux path.
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3. MEC Model

The closed-loop MEC under a pair of magnetic poles at the initial rotor position is
modeled, as shown in Figure 3. The stator-related items are marked in red. The rotor-
related items are marked in blue. The PM-related items are marked in gray, including PM
equivalent internal reluctance and PM equivalent magnetomotive force (MMF) source. The
air gap-related items are marked in cyan. Different items in MEC are listed in Table 1.

Figure 3. Magnetic equivalent circuit model of HE-CPM under a pair of magnetic poles at initial
rotor position.

Table 1. Different items in MEC.

Item Symbol
Equivalent reluctance of stator yoke Rsz1, Rsza, Rszs
Equivalent reluctance of stator tooth Rst1, Rgmo
Equivalent reluctance of stator shoe Rgp1~Rgpy
Equivalent reluctance of rotor yoke Rrz1~RRz¢
Equivalent reluctance of axial magnetic bridge RRrzo1, RrRz02, RrR703
Equivalent reluctance of claw-pole rotor finger Rr11~RRT6
Equivalent reluctance of enclosure Rc
Equivalent reluctance of front and back ending cover Rp1~Rpsg
Equivalent reluctance of claw-pole rotor finger yoke Rrv1, Rryv2
PM equivalent internal reluctance Rpmi, Remz, Rpms
Main air gap reluctance Rs1~Rss5
Auxiliary air gap reluctance Rsr1, Rspo
Flux leakage reluctance in stator slot Rssy
Flux leakage reluctance between adjacent stator shoes Rspy
Phase A armature reactive MMF Fq
PM equivalent MMF source Fpyi, Fpmo, Frums
Field excitation equivalent MMF source Fr1, Fp

Based on Ohm'’s law of magnetic circuits, the MMF in MEC can be expressed as:

F=®R

M

where F, ®, R are MMEF, magnetic flux, reluctance in magnetic circuits, respectively.

The MMFs in HE-CPM are provided by PM and field winding. So, the MMF obtained

from PM can be expressed as:
Fpp = Hehpm

@

where H_ is the intrinsic coercivity of magnet, ipy; is the PM length in magnetization direction.
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The MMF obtained from field winding can be expressed as:

Fz = N¢ly ®)

where Ny is the turns of the field winding, If is the excitation current.

The machine configuration is complex, so it is necessary to select the appropriate
equivalent shape of each reluctance. In order to facilitate the calculation, the reluctances
which are derived from the above MEC model are equivalent to the common cube shape
and several other shapes shown in Figure 4. The dotted line with an arrow indicates the
direction of magnetic flux.

(d)

Figure 4. Different reluctance equivalent shapes. (a) Tile; (b) Vertical plane; (c) Concentric cylinder;
(d) Parallel torus.

Rsz2, Rst, Rsp1, Rspa, Rspe, Rs1~Rsa, Rrz1, Rrz2, Rpm, Rrr11, RR72 Can be equivalent
to common cube shape, and the reluctance can be expressed as:

MoHsSm

Reup 4)
where L, is the path length of magnetic flux. p is the permeability of the vacuum. y; is
the relative permeability. S, is the cross-sectional area of the magnetic flux path.

Rssy, Rss, RrRzos RRz5, Rrz6, RrT3, RRT4 Can be equivalent to tile shape, as shown in
Figure 4a, and the reluctance can be expressed as:

= ©)
)

where « is the angle between non-parallel planes in the tile shape. h is the axial length of
the tile. 75, 41 are the outer radius and inner radius of tile, respectively.
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Rsz1, Rsza, Rspp, Rsps, Rrz3, Rrza, Rr15, RRT6 can be equivalent to vertical plane
shape, as shown in Figure 4b, and the reluctance can be expressed as:

7T(d1 + dz)

Rpta = Jiopts2] [dlzn(u‘%) + dzln<1+ ”’71)]

(6)

pla

where ¢ is the distance between two planes. [ is the radial arc length. dj, dy are the width of
two planes, respectively.

Rp1, Rpe can be equivalent to a concentric cylinder shape, as shown in Figure 4c, and
the reluctance can be expressed as:

@)

where h is the length of the cylinder. 71, r, are the inner radius and outer radius of the
cylinder, respectively.

Re, Rpp~Rps, Rsr1, Rsra, Rrv1, Rrya can be equivalent to parallel torus shape, as
shown in Figure 4d, and the reluctance can be expressed as:

8)
5 (
HosTe (rey = 121)
where /1, is the distance between parallel rings. 7.1, 7 are the inner radius and outer radius
of the torus, respectively.

According to Figure 3, the following nonlinear equations can be obtained:

F(nl><1) _ qD(nlxl)R(nlxnl) ©9)
where F is the MMF source vector. @ is loop flux vector. R is a symmetric matrix composed
of reluctance. nl is the number of flux loops.

Loop flux vector ® can be expanded as:

T

D= [Cpstl o Dgpps Opyp Pyp CI>ugl T ¢agna] (10)

where the subscripts st, rt, at and ag indicate loop fluxes in the stator tooth, rotor tooth,
axial auxiliary air gap and main air gap, respectively, and the subscripts ns and na indicate
the number of stator and air gap loops, respectively. Similarly, the MMF source vector F is
expanded as:

(1xna) T
F= [Fstl -+ Fstns Fpar1 Fpe O ] (11)

The reluctance matrix R can be expressed as:

RS 0 R0
1
R— 0 Rpm RPM,DE Ra%;;gl()er) (12)
0 (Rpwmoe)”  Roe  Regpp (6r)
Rgg,st Rgg,PM RZg,DE Rt(lga xna) (Qr)

where Ry and Rpy; are derived from the stator and rotor loops. Rpr is derived from the
axial flux loop. Rggst, Rag,pM, Rag,DE, Rag are related to rotor position.
At the initial position of rotor (k = 0):

@'(6,) = [R 0))] “E0,) (13)
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When k > 0, the following can be derived:

P _ ok (]k) -t (chRk B F) (14)

where | is the Jacobian matrix and k is the iteration number.

The flow chart of 3D MEC is shown in Figure 5. According to Figure 3 and Equations (4)—(8),
the initial reluctance matrix can be calculated. Then, the flux of the initial position ®!(6,)
can be obtained from (13). Perform iterative calculation according to (14), and update Rk,
J¥ when the rotor moves to the next position. When the difference between ®*+1 and &
is within the allowable range, the solution of rotor position is obtained. With the change
of rotor position, R¥ and J* will change accordingly. Therefore, the proposed MEC is a 3D
MEC that is related to the position of the rotor.

( Start )
v
Input parameter of HE-CPM

model

v

Initiate reluctance of MEC

o=t _(]n )’1 .((DI\RA —F) -

A

Calculate flux density

v

B-H model Output CD(H,, )=(I)M
Recalculate reluctance Calculate back EMF
Update g*, J* < End )

|

Figure 5. Flow chart of 3D MEC.

Finally, according to the ®(6,) calculated by 3D MEC, the back EMF can be obtained:

_ Nyw®(6))
W2

where N, is the number of turns of armature winding per phase. w is the angular frequency.

The no-load characteristic derived from FEA and the no-load characteristic calculated
by using the proposed 3D MEC are compared in Figure 6. With the increase of excitation
current, the back EMF also increases. A good agreement between both characteristics can
clearly be noticed. By changing the excitation current, the back EMF can be adjusted, and
the generator output power can be modulated.

E (15)
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Figure 6. Comparison results of back EMF between FEA and MEC.

4. Optimization of Dimension Parameters
4.1. Machine Parameters Definition and Selection

The HE-CPM is designed to be used in EV and the requirements are:
(1) Rated power > 10 kW; (2) Efficiency > 85%; (3) Maximum operating temperature < 90
degrees centigrade.

The dimension parameters of HE-CPM are defined in Figure 7 and are listed in Table 2.
After that, the parameters that have a major influence on the machine performance will be
selected and optimized to obtain better machine performance. Finally, the results before
and after optimization will be compared to verify the effectiveness of the optimization
algorithm and 3D MEC.

hJ

(a) (b)

Figure 7. HE-CPM parameters definition. (a) Front view. (b) Section view.
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Table 2. Dimension parameters of HE-CPM.

Parameter Value Parameter Value
PM width Wppm Main air gap thickness Smain
Stator notch width Whot Auxiliary air gap thickness SQaux
Stator tooth width Wt Stator length Igt
PM thickness dpm Enclosure length len
Rotor yoke thickness dry Rotor length Lot
Stator tooth height dst Ending cover length Lec
Nonmagnetic ring thickness duo Axial magnetic bridge length Limb

Generally, the generator in EV application should have: (1) High torque density to meet
the requirements during start-up; (2) Low torque ripple to reduce noise; (3) Low loss to
increase efficiency. So, three objectives are selected during optimization, which are the average
torque f7, torque ripple f», and loss f3. The optimization problem can be expressed as:

min{ — £1(x), f2(x), f5(x)}, x € F (16)

where x refers to the dimension parameters, and F refers to the constraints of
dimension parameters.
The proposed HE-CPM is a dual three-phase machine, so the torque can be expressed as:

— Zn:Al,Bl,Cl e(t)l(t) + Zi’l:Az,Bz,Cz e(t)l(t)
Wy

Tout (1) (17)

where e(f) and i(t) are phase back EMF and current, respectively. w; is angular velocity.
The torque ripple can be expressed as:

_ max(Tout (t)) — min(Tout (t))

T (t) Avg(Tout(t))

(18)

where max(Ty,(t)) and min(Ty,(t)) are the maximum value and minimum value of
torque, respectively. Avg(Tou(t)) is the average value of torque.
The iron loss pjy,, consists of hysteresis loss pj,, eddy current loss p,., and excess loss pe:

Piron = Ph + Pec + Pe

19
= knfBiy + ke f? By, + ke "By )

where ky, k¢, and k, are the hysteresis, eddy current, and excess loss coefficients, respec-
tively. By, is the maximum flux density.

The three design objectives (i.e., torque, torque ripple, loss) are closely influenced by
the MMF and air gap permeance [12], and the relationship between them and wpys, Wyot,
Wst, dpm, dry, dst, §main can be obtained from [12]. The PM MMF, field excitation equivalent
MMF and air-gap permeance are determined by the seven dimension parameters (i.e., wpyy,
Wnot, Wst, ApM, dry, dst, $main)- Therefore, the seven dimension parameters are selected as the
parameters to be optimized.

4.2. Machine Parameters Optimization

Each dimension parameter has a different influence on different objectives, the sensi-
tivity analysis method (SAM) is one of the most effective methods to analyze and measure
the influence of each variable on the optimization objectives. Generally, the sensitivity of
the iy, parameter x; at point x is defined as:

~_9y(x)
Si = g = (20)

where §; is sensitivity, y(x) is the objective function.
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Therefore, the sensitivity of wpni, Whot, Wst, dpm, dry, dst, $main can be obtained by
calculating the derivative of the objective function. The greater the value of sensitivity, the
greater the influence of dimension parameters on optimization objectives. If the dimension
parameter has a positive sensitivity value, it indicates that the optimization objective will
increase with the increase of dimension parameter; if the design variable has a negative
sensitivity value, it indicates that the optimization objective will decrease with the increase
of dimension parameter.

The sensitivity analysis results of different design variables are shown in Figure 8. The
comprehensive sensitivity of design variables to optimization objectives can be expressed as:

Si = wi|Se(x;)| + wir|Ser (x7)| + wi| Sy (x7)| (21)

where S; is the comprehensive sensitivity of HE-CPM, x; is the design variable, and S;(x;),
Sir(x;) and S;(x;) are the sensitivity of the design variable to torque, torque ripple and loss,
respectively. wy, wy and w; are the weight coefficients of torque, torque ripple and loss,
respectively. When determining the specific numerical values of w, it must be noted that
the sum of wy, wy and w; must be 1. Then, if we want to obtain higher torque and less loss,
we could set w; and wj to 0.4 and wy, to 0.2 (The sum of three coefficients must be 1). In
this case, we can obtain higher torque and less loss. Then, if we want to achieve a smaller
torque ripple and loss, we can set w; to 0.2 and wy, and wj to 0.4. In this case, the result will
have smaller torque ripple and loss, but the torque will also be lower. We can also set wy,
wyr and w; to 1/3, which means the result will achieve a relative balance in torque, torque
ripple and loss. Therefore, it mainly depends on which of the three objective functions we
pay more attention to. In our design, torque and loss are more concerned, so we set w; and
wj t0 0.4 and wy to 0.2. The sensitivities of these design variables are shown in Table 3.

0.8
= Torque
0.6 ) Torque ripple
i % NN\ Loss
' N

z N
£ 02 % = § E S
% 00 u SN EVW Vs
3 % Z

-0.2 \

~0.4 N

-0.6

wPM  wnot wst dPM dry dst gmain
Design variables

Figure 8. The sensitivity of different design variables.

Table 3. Design variables and their sensitivity.

Design Variable St Str S; S;
Wppm 0.716 —0.054 0.537 0.512
Wrot —0.533 —0.41 —0.451 0.4174
Wst 0.134 0.409 0.127 0.1862
dpm 0.226 0.037 0.3 0.2178
dry —0.091 0.096 —0.393 0.2128
dst —0.004 0.074 0.028 0.0276
8main 0.249 —0.119 0.25 0.2234

According to the sensitivity from high to low, classify the design variables into three
levels, A: wppy (0.512), wyor (0.4174), Smain (0.2234). B: dppg (0.2178), dyy (0.2128). C: ws
(0.1862), ds; (0.0276). Because the sensitivity of level C is low, the initial values of ws; and
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dst in level C are used. The three parameters in level A are optimized, and then the two
parameters in level B are optimized. Three-dimensional (3D) FEA is time-consuming, so
particle swarm optimization (PSO) is used for optimization in combination with 3D MEC.

Based on the observation of the activity behavior of animal clusters, the PSO algorithm
uses the information sharing of individuals in the group to make the movement of the
whole group produce an evolutionary process from disorder to order in the problem-solving
space, so as to obtain the optimal solution [22].

PSO is initialized as a group of random particles (random solutions). Then the optimal
solution is found through iteration. In each iteration, the particles update themselves by
tracking two optimal values (pbest, gbest). After finding these two optimal values, the
particle updates its speed and position:

v; = v;+c1 X rand( ) x (pbest; — x;) + cp x rand( ) x (gbest; — x;) (22)

X; = X; +0; (23)

wherei=1,2,... ,N; N is the total number of particles. v; is the speed of particles. rand() is
a random number between 0 and 1. x; is the current position of particles. c; and c; are the
learning factors. pbest is the local optimal value. gbest is the global optimal value.

Firstly, the three design variables of level A are optimized, and the resulting Pareto
solution set is shown in Figure 9a. It can be seen that the corresponding torque is about
24 Nm and the torque ripple is 0.12 to 0.13. The loss is about 245 W. After optimizing the
three design variables in level A, the two design variables of level B are optimized, and the
resulting Pareto solution set is shown in Figure 9b. It can be seen that the torque increases
to 25.95 Nm, the torque ripple is stable at about 0.122, but the loss increases to about 270 W.

250 270.10
249 270.05
248 270.00
§‘ ~
247 9.9
> é 269.95
é’ 246 2 269.90
=]
- 245 = 269.85
244 269.80
243 269.75
238 35930
» L
0 7,, ~ 25945
Or, 25.950

e 725955 0.1221 )
Ny = 25960 qor®

(b)

Figure 9. Pareto solution set. (a) Level A. (b) Level B.
The dimension parameter optimization results in levels A and B are shown in Table 4.

Then, the parameters before and after optimization are used in 3D FEA, respectively. Their
results are compared.

Table 4. Optimization results of design variables.

Design Variable Initial Value Optimized Value
wWpM 22 23.1
Whot 26 28.6
8main 1 0.6
dpm 3.2 44

dry 6 6.4
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FEA results before and after optimization are shown in Figure 10, and the torque
ripples are listed in Table 5. It can be seen that the average torque has increased from
26.1 Nm to 28.3 Nm and the torque ripple has decreased from 28.4% to 22.6%. The hysteresis
loss has decreased by 8.7% and the eddy current loss has decreased by 9.9%. The FEA
results verify the effectiveness of the optimization algorithm combined with 3D MEC for
machine optimization.

O 1 I 1 1 I ] 1
el —— After optimization |
| Before optimization
~—104 -
£ ]
Z-15 g
L 4
=
&-20
(-] 4
=25
—30i-
=35 T T T T v T x T X T ¥
0.0 0.5 1.0 1.5 2.0 ) 3.0 3.5 4.0
Time (ms)
(a)
230 ! ! ! ! ! ! !
—— After optimization
P11 E— A—— S S S— Before optimization|-- -
% ‘ : : : : :
w»
g 150
z |
] :
£ 1001
:
T 50
0 = T L T . T L] T 5 T L : X T 2
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Time (ms)
(b)
250 L A T
1 | ‘ —— After optimization
§ 20041/ W /A AL ,,,,,,,,,,,,,,,,,,,,, Before optimization| __|
z 3 3 1 s i i 1
£ 1504 SO . /5, % U W S S—
= : ; i ‘ 3 :
£
= L R
]
>
=
T e e S E
0 . T i T g T e T E T i T E T :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
Time (ms)

(c)

Figure 10. FEA results before and after optimization. (a) Torque. (b) Hysteresis loss. (c) Eddy current loss.
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Table 5. Torque ripple.

Before Optimization After Optimization
Maximum value 29.8 Nm 31.5 Nm
Minimum value 224 Nm 25.1 Nm
Average value 26.1 Nm 28.3 Nm
Torque ripple 28.4% 22.6%

5. Machine Performance Evaluation
5.1. Flux Density Distribution

The no-load flux distribution of the proposed HE-CPM is shown in Figure 11. It can
be seen that the highest magnetic flux density is in the stator shoe and its value is 1.87 T.
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Figure 11. No-load flux density distributions of HE-CPM. (a) Front view. (b) Section view.

5.2. Electromagnetic Characteristics

The magnetic flux density of the main air gap under different excitation currents is
shown in Figure 12. The magnetic flux density produced by PM in the main air gap is 0.9 T,
which is distributed periodically along the circumferential direction of the main air gap.
When the excitation currents are 1 A, 2 A, 3 A, 4 A, the maximum flux densities are 0.977 T,
1.05 T, 1.11 T, 1.15 T, respectively. It can be seen that when the excitation current increases
gradually, the flux density of the main air gap also rises. Therefore, the flux density of the
main air gap can be adjusted by changing the excitation current.

——0A 1A 2A 3A 4A

—

Flux Density (T)
(e
1

|
\S]
e

|
W

i N T N T N T r 1 v
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(=]

Figure 12. Magnetic flux density of main air gap under different excitation currents at full load.
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The no-load back EMF is shown in Figure 13. The generator is a dual three-phase
machine, therefore, two sets of three-phase back EMF can be obtained. It can be seen
that the difference between Al and A2 back EMF is 30 degrees, and the amplitude of
phase voltage is 768 V. According to (17), the generator output power P,;; is obtained by
multiplying the back EMF e(t) by the current i(t), and the power divided by the angular
velocity w; is the generator output torque Tyt (f). Therefore, the back EMF will directly
affect the power and torque. We can change the excitation current to adjust the back EME,
and finally, adjust the generator output power. Because our machine is a generator, we
pay more attention to the sinusoidal degree of the back EMF. If the back EMF has large
harmonics, it will lead to the large cogging torque of the generator, which will directly lead

to the large ripple of the generator output torque. However, we want to get a stable and
large output torque.

1200 T T T T

& o)
= (=
S S
1 1

Back EMF (V)

. . . . . . .
0 180 360 540 720 900
Electric angle (deg)
Figure 13. No-load back EMF of HE-CPM.

The relationship between bus voltage and excitation current is shown in Figure 14.
With the increase of excitation current, the bus voltage increases. When the speed decreases,
the voltage also decreases. When the speed is 3000 rpm and the excitation current is 4 A,
the DC voltage is about 1250 V. The rated speed of HE-CPM is 3000 rpm.

1600 —————7T—— ‘ 1
‘—B— 3000rpm —e— 2000rpm —&— 1600rpm —%— 8001”pm‘

1200

Bus voltage (V)
[
(=]
o
1

N
=
S
1
<

4
4
4

0 —————
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Excitation current (A)

Figure 14. Relationship between bus voltage and excitation current at different speeds.

The relationship between bus voltage and the load current is shown in Figure 15. With
the increase of load current, the bus voltage decreases. Increasing the excitation current
from 0 A to 4 A can significantly increase the bus voltage.
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Figure 15. Relationship between bus voltage and load current at different excitation currents.

5.3. Loss and Efficiency

The iron loss is calculated in (19), the copper loss is related to the resistance and
current, and can be expressed as:

Peu = MNIchu
_ MNIZPculcu (24)

SCIA

where R, is resistance. I is current. p, is the copper resistivity. /., is the length of a single
wire. S, is the cross-sectional area of the wire. M is the slot number. N is the turns of the
winding. For armature winding, N is N,. For field winding, N is Nf.

Considering the change of copper resistivity caused by temperature, the copper resis-
tivity can be expressed as [23]:

Pcu = Pcu20[1 + ‘X(T - TZO)] (25)

where p.,0 is the copper resistivity at temperature Tog = 20 °C, and the valueis 1.7 X 108 Om.
a is the temperature coefficient of copper resistivity, and the value is 3.93 x 1073 K.
The output power Py,; can be expressed as:
Pout = Tout(t)wr (26)
The efficiency 7 can be expressed as:
7 = B x 100%

_ Puvg*piran o
= Paog+peu X 100%

(27)

where P, is the input power. Py is the average electromagnetic power.

The relationship between efficiency and armature current and the excitation current
is shown in Figure 16. It can be seen that with the increase of current, the efficiency first
increases and then decreases. The rapid increase of copper loss is the main reason for the
decrease in efficiency. The maximum machine efficiency is 89%.
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Figure 16. Machine efficiency diagram. (a) Relationship between efficiency and load current.
(b) Relationship between efficiency and excitation current.

5.4. Temperature Field Simulation

The temperature of each part of HE-CPM needs to be analyzed to ensure that the
temperature is within the allowable range when the generator is working. The temperature
of each part of the machine should not exceed 90 degrees centigrade. The temperature
field nephogram of HE-CPM is shown in Figure 17. It can be seen that the maximum
temperature is 87.909 degrees centigrade, and the position is the field winding which is
placed in the axial magnetic bridge. When the excitation current increases, the temperature
of the axial magnetic bridge will rise, so the temperature of the axial magnetic bridge at
different excitation currents is shown in Figure 18. It can be seen that when the excitation
current increases from 1 A to 4 A, the temperature increases from 60.6 degrees centigrade
to 87.909 degrees centigrade. The temperature curve of the axial magnetic bridge is shown
in Figure 19.

It can be seen from Figures 17-19 that the maximum operating temperature of field
winding is 87.909 degrees centigrade. The field winding consists of copper wires. Based
on (25), the copper resistivity at temperature 87.909 degrees centigrade can be calculated,
and poy = 1.267p.20 = 2.1539 x 1078 Qm. It can be seen from (24) that the copper loss
Peu is proportional to p¢,. Therefore, the copper loss p¢, at 87.909 degrees centigrade is
1.267 times that of the copper loss at 20 degrees centigrade. The lower the temperature, the
smaller the copper loss. It can be seen from (27) that the efficiency is improved when the
copper loss is reduced. Therefore, the maximum operating temperature of the machine
should be as low as possible.
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Figure 17. Temperature field nephogram of HE-CPM. (a) Front view. (b) Section view.
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Figure 18. Temperature field nephogram of axial magnetic bridges. (a) ;=1 A. (b) [;=2 A. () [;=4 A.
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Figure 19. Relationship between axial magnetic bridge temperature and excitation current.

5.5. Mechanical Stress

The mechanical stress of the rotor needs to be analyzed by FEA to ensure that the
proposed HE-CPM can work at the rated speed (3000 rpm). The material parameters of the
rotor yoke are listed in Table 6 [24]. The mechanical stress nephogram of HE-CPM is shown
in Figure 20. The simulation condition is transient mechanical stress simulation, and the unit
is Pa. The maximum mechanical stress of the rotor is 45.4 MPa, while the maximum stress of
the rotor yoke is 21 MPa. The maximum mechanical stress obtained from FEA is less than
allowable stress (800 MPa), so the rotor can sustain under the rated speed (3000 rpm).

Table 6. Material parameters of rotor yoke.

Elastic Modulus Density Poisson’s Ratio Allowable Stress
E/P, p/(kgm3) v o/MP,

2.06 x 1011 7850 0.31 800
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(b)
Figure 20. Mechanical stress nephogram of HE-CPM. (a) Rotor. (b) Rotor yoke.
6. Experimental Validation

The prototype of the proposed HE-CPM was manufactured and shown in Figure 21a,b,
and its dimension parameters are listed in Table 7. The experimental test bench is shown
in Figure 22. A torque sensor is used to measure the electromagnetic torque, and the
oscilloscope is used to display the measured waveforms.

(a) (b)

Figure 21. Prototype photos. (a) Inside the prototype. (b) Prototype as a whole.
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Table 7. Dimension parameters of HE-CPM prototype.

Parameters Value
Stator outer diameter 312 mm
Stator inner diameter 200 mm

Effective core length 52 mm
Rotor outer diameter 198.8 mm
Rotor inner diameter 120 mm
Winding factor 0.966
Number of slots 12
Stacking factor 0.9
Armature winding turns 210
Stator yoke width 17 mm
Stator tooth width 28.28 mm
PM length 53 mm

Figure 22. Experimental test bench of the proposed HE-CPM.

The experimental back EMF waveform of the proposed HE-CPM is shown in Figure 23
and it is nearly sinusoidal. It can be seen from Figure 24, with the increase of excitation
current, the DC bus voltage also increases. When the excitation current is 4 A, the curve of
DC bus voltage becomes flat, and the DC bus voltage is stable at about 1250 V. It can be
seen from Figure 25 the DC bus voltage decreases with the increase of load current. When
the excitation current changes from 0 A to 4 A, the DC bus voltage increases by about 135 V.
Obviously, increasing the excitation current can increase the voltage and also the output
power. The experimental results are basically consistent with the FEA results. When the
excitation current is 4 A, the rated torque under rated speed (3000 rpm) can be measured
by the torque sensor and its value is 32.72 Nm. The rated power can be calculated by (26),
and its value is 10.28 kW. The rated voltage under rated speed (3000 rpm) is measured and
its value is 543.1 V. The rated parameters of HE-CPM are listed in Table 8.

b1
I Phase Al I | Phase C1 | Phase Bl

! A N
% X V4 \J \\n_

A M N M A M A

Phase Voltage
(200V/div)
4

Time(4ms/div)

Figure 23. Experimental back EMF waveform of the proposed HE-CPM.
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Figure 24. Comparison results of DC bus voltage versus excitation current between FEA and experi-

mental measurement.
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Figure 25. Comparison results of DC bus voltage versus load current between FEA and

experimental measurement.

Table 8. Rated parameters of HE-CPM.

Rated Power Rated Torque Rated Voltage Rated Speed
10.28 kW 32.72 Nm 5431V 3000 rpm

7. Discussion

It can be seen from Figures 17-19 that the field winding which is located in the axial
magnetic bridge has the highest temperature. The high temperature also leads to the
increase of copper loss and the decrease in efficiency. Therefore, we can consider adding a
cooling device in the axial magnetic bridge to reduce the temperature. According to (24),
we can use the copper wire of a larger cross-sectional area. Alternatively, we can choose
a material with lower resistivity than the wire, such as silver. The resistivity of silver is
1.65 x 10~% Om. However, silver is too expensive.

Based on the experimental results, the performance of HE-CPM is compared with
other similar designs, as shown in Table 9.
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Table 9. Performances comparison.

Electrically Hybrid Excited  Hybrid Excited Hybrid Hybrid
. Claw Pole Claw Pole Excitation Claw Excitation
Excited Claw .
Proposed Pole Generator Synchronous Electric Pole Claw Pole
HE-CPM Reported in Machine Machine Synchronous Machine
[11] Reported in Reported in Generator Reported in
[17] [25] Reported in [26] [27]
Rated power 10.28 kW 72KkW 0.73 kW - 0.65 kW 5kW
Rated voltage 5431V 48V 120V 14V 135.5V 108 V
Rated speed 3000 rpm 900 rpm 1200 rpm 1300 rpm 1500 rpm 3000 rpm
Efficiency 89% 92% - 81% - -

The rated power of the proposed HE-CPM is 10.28 kW, and it has the largest power
of these machines. The efficiency of the proposed HE-CPM reaches 89%. The claw pole
generator reported in [11] has a rated power of 7.2 kW and an efficiency of 92%. How-
ever, one issue of this design is the complex stator structure, which leads to difficultly in
manufacturing. The hybrid excited claw pole machine reported in [17] has a configuration
similar to the proposed HE-CPM, its PMs are mounted on the rotor, and the field winding
is embedded within machine shields. However, its rated power is too low due to a small
machine size. The claw pole electric machine reported in [25] has an efficiency of 81%,
but its rated power is unknown. The relatively large cogging torque in this design is
a significant problem. The hybrid excitation claw pole generator reported in [26] has a
rated power of 0.65 kW, while its efficiency is unknown. The rated power is too low to be
used in large EVs. The hybrid excitation claw pole machine reported in [27] has a decent
performance. It has the same rated speed (3000 rpm) as the proposed HE-CPM and the
rated power is 5 kW. The usage of an iron powder core in that claw pole machine decreases
the torque by about 4% but also reduces the iron losses. It should be noted that the iron
powder core is more porous than solid iron. Therefore, the allowable stress of the iron
powder core is 125 MPa. The allowable stress of the rotor yoke in the proposed HE-CPM is
800 MPa, which is much higher. Comparing the rated power, voltage, speed and efficiency
of these machines, the proposed HE-CPM has the highest rated power (10.28 kW), and the
efficiency is about 89%, slightly lower than that of the machine reported in [11].

Because the flux path of the proposed HE-CPM is 3D, we use the combination of
PSO and 3D MEC to optimize the dimension parameters of HE-CPM. This optimization
method can also be extended to other machines with complex flux paths, such as transverse
flux machines.

The main content of this article is optimization design and performance evaluation.
The control strategy of HE-CPM will be studied in future work.

8. Conclusions

This article proposes a new kind of HE-CPM which is used in EV. The magnetic field
was mainly obtained by PM, and the field excitation coils played the role of adjusting the
magnetic field. Firstly, the machine configuration and hybrid flux path were introduced.
Then, the 3D MEC method which is related to rotor position was illustrated in detail and the
effectiveness was verified by comparing it with the results of FEA. Then, in the design stage,
the parameters related to machine performance (torque, torque ripple and loss) were selected,
and their sensitivities were analyzed. These main dimension parameters were optimized by
using PSO and 3D MEC. The FEA results before and after optimization were compared to
verify the effectiveness of machine optimization using the combination of PSO and 3D MEC.
The average torque increased to 28.3 Nm and the torque ripple was suppressed. Finally, the
machine performance was evaluated, including flux density distribution, electromagnetic
characteristics, loss and efficiency, temperature field and mechanical stress. The proposed
HE-CPM has a rated power of 10.28 kW, and an efficiency of 89%.
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The HE-CPM prototype was manufactured, and a fundamental experiment was con-
ducted. The performance of the proposed HE-CPM was evaluated and the design require-
ments were met. A good agreement between the FEA and experiment results proved the
validity of machine optimization by using PSO and 3D MEC. The combination of PSO
and 3D MEC can obtain accurate results and reduce optimization time. This optimization
method can be extended to other machines with complex flux paths.
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