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Optimum Design of Transverse Flux Machine for High Contribution
of Permanent Magnet to Torque Using Response Surface Methodology

Jia Xie, Do-Hyun Kang**, Byung-Chul Woo**, Ji-Young Lee**, Zheng-Hui Sha***
and Sheng-Dun Zhao*

Abstract — Transverse flux machine (TFM) has been proved to be very suitable for high-torque, low-
speed, and direct-drive situation in industry. But the complex structures and costly permanent magnets
(PMs) are two key limitations of its wide range of applications. This paper proposes a new claw pole
TFM (ACPTFM) which features an assembled claw pole stator and using the lamination steels
material to overcome the complex structures. By combining response surface methodology (RSM)
with design of experiment, an optimum design method is put forward to improve the PM’s
contribution to the torque in order to save the PM’s amount. The optimum design results demonstrate
the validity of the proposed optimum design method and the optimized model. Eventually, the finite-
element analysis (FEA) calculation method, which is used in the optimization process, is verified by

the experiments in a prototype.

Keywords: Claw pole transverse flux machine, Contribution of permanent magnet to torque,

Optimum design, Response surface methodology

1. Introduction

Transverse flux machine (TFM) has a number of
characteristics distinguished from other electric machines.
Firstly, it has a magnetic flux path with sections where the
flux is transverse to the direction of motion. This is
different with longitudinal flux machine that the magnetic
flux path and the direction of motion are in the same plane.
The novel structure of the magnetic flux path leads to the
decoupling of the magnetic and electric loading in TFM,
thus makes it possible to achieve higher force densities by
increasing electric and magnetic loading, respectively [1].
Secondly, TFM can be produced with many pole pairs.
Thereby, a low-speed characteristic can be realized.
Furthermore, many pole pairs make it possible to apply
flux-concentrating rotor structure to improve the flux
densities in the air gap. Thirdly, each phase of TFM is
independent, so there is no electromagnetic coupling
between them. This feature makes TFM easy to fabricate
with many phases to achieve high torque and reduce the
torque ripples. Accordingly, TFM is particularly suitable
for high-torque, low-speed, and direct-drive applications.

TFMs have been considered as viable candidates to be
applied in many direct-drive fields, such as electromagnetic
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launch [2], railway traction [3], vehicle electric propulsion
[4], direct drive robots [5], energy conversion [6], wind
turbine [7], and electromagnetic launcher [8]. These
applications show that TFMs have salient advantages in the
field of the direct drive. However, some disadvantages
often plague the development of TFMs. Especially, the
complex structures of the TFMs result in a lot of
difficulties in machine assembly and high manufacturing
costs. Meanwhile, permanent magnet (PM) which must be
used in TFMs is expensive. Therefore, this paper proposes
a new claw pole TFM (ACPTFM) which manufactures for
high power applications to perform direct drive. ACPTFM
features an assembled claw pole stator and the lamination
steels material which realize the machine with simple
structure, simple manufacturing processes, low iron losses,
and high magnetic permeability. In order to achieve
rational structure dimensions of each part in the machine,
an optimum method called combined response surface
methodology (RSM) and design of experiment was applied.
This method can achieve excellent performance and low
costs by optimizing multiple design variables of ACPTFM.

Design of experiment can be regarded as a carefully
arranged experiment procedure. The purpose of design of
experiment is two-fold. The first is to make the experiment
procedure reasonable and can be conducted orderly; and
the second is to get adequate and reliable information by
minimal number of experiments [9]. RSM is a set of
statistical and mathematical techniques. In RSM, a
polynomial model is constructed to represent the
relationship between the performance and multiple design
variables. The ultimate goal of RSM is to find the best
fitted response of the physical system through real
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experiment or computer simulation [10]. Research and
application of RSM as an optimization method have been
carried out in many fields [11-13]. As a summary, RSM
combined with design of experiment is regarded as an ideal
method to perform the optimum design for ACPTFM.

The paper is organized as follows. Section II presents the
analysis model and design variables. Meanwhile, ACPTFM
is proposed and the parameters are introduced. In section
III, the optimization method is presented. RSM combined
with design of experiment is applied and the fitted model
for three design variables is established. Section IV gives
the optimum design results. The contribution of PM to the
torque is improved, which validates the effectiveness of the
optimization method. In Section V, experiments are done to
verify the finite-element analysis (FEA) calculation
method used in the optimization process in an actual
prototype. Finally, section VI concludes this work.

2. Analysis Model and Design Variables
2.1 Analysis model - ACPTFM

The claw pole TFM highlights both the simplicity of the
single-sided TFMs and the high performances of the
double-sided ones. It allows an easy assembly and any
number of axially arranged phases [14]. However, the
stator often needs to use isotropic materials to provide the
three-dimension (3-D) flux paths in the claw pole TFM.
The isotropic materials will reduce the performance of the
machine and make the manufacture of the machine fairly
complex. In practice, the soft magnetic composite (SMC)
is often adopted in the machine because it is isotropic. In
addition, SMC tends to have lower eddy currents than
those typically used in conventional electrical drives when
the machine is operated at high supply frequencies (100
kHz or more) [15]. This feature is suitable for high speed
machine. However, SMC has some major disadvantages,
such as low magnetic permeability resulting from low
saturation flux density, high hysteresis losses at low supply
frequencies, low mechanical strength which makes it
difficult to produce high force densities, and it has not
competitive cost-effectiveness with cheaper lamination
steels. Since the machine designed in this paper is for the
low speed applications, the supply frequencies are
impossible to reach 100 kHz.

Therefore, we propose the ACPTFM which has the claw
pole structure and uses the lamination steels material to
promote the advantages of the claw pole TFM and
overcome the disadvantages of SMC. In order to obtain 3-
D magnetic flux paths, the stator core of ACPTFM must be
assembled because of using the lamination steels material.
Fig. 1 shows the single-phase configuration of ACPTFM
and its 3-D magnetic flux paths. Single-phase ACPTFM
consists of an assembled claw pole stator, a flux-
concentrating rotor, and a ring stator winding.

Rotor poles
Permanent

Permanent magnets

Winding |
Stator yoke
S

(@) (b)

Fig. 1. Single-phase configuration of ACPTFM: (a) Cut
away of ACPTFM showing claw poles and
winding; (b) 3-D magnetic flux paths

In the claw pole stator as shown in Fig. 1, the stator yoke
is made of the first laminated stack of metal sheets whose
laminations are stacked in an axial direction, and the stator
claw poles are made of the second laminated stack of metal
sheets whose laminations are stacked in a tangential
direction. Each sheet of the stator yoke is annular and the
square holes evenly distribute along the circumferential
direction in the surface of the sheet. The stator arrangement
comprises an annular stator yoke as well as a plurality of
stator claw poles, one half of the stator claw poles (36
pieces) being inserted into the square holes of the stator
yoke from one end face of the stator yoke and the other
half of the stator claw poles being inserted into the square
holes from the opposite end face of the stator yoke. As a
result, the conduction of the magnetic field linearly passes
through the stator claw poles and linearly passes through
the stator yoke between the two stator claw poles so that
can realize the 3-D magnetic flux paths. And the individual
component of the stator can be made of well-know
stamped sheet metal and lamination techniques which
make the manufacturing processes simple and reduce the
costs. Flux-concentrating rotor is consisted of two
magnetic polarities by PMs, N and S, alternatively
arranged along the circumferential direction. It can produce
high air-gap flux densities. The rotor poles are made of
solid carbon steel for easy assembling.

As shown in Fig. 1(b), the fluxes flow through the
magnetic circuit within the real 3-D paths. The fluxes
circumferentially pass through two successive magnets into
the rotor north poles and then radially across the air gap
into the stator south claw poles, then round the stator back
yoke and into the two adjacent teeth on the other side of
the stator which is considered as stator north claw poles.
Then the fluxes radially up these stator north claw poles
and back across the air gap into the other side adjoining
rotor teeth (rotor south poles). Finally, the fluxes
circumferentially return to the buried PMs along two
opposite paths. Once the current is energized, the torque
resulting from the interaction between the coil MMF and
the permanent magnetic field will produce motion in the
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circumferential direction. This is the principles of the
torque generation of ACPTFM. Since it is well known that
single-phase TFM has a dead point of torque, we use the
combination of three phases, which means that the stator
teeth of two adjacent phases are shifted by a 60°-electrical
angle and the rotor teeth are aligned, to produce continuous
torque. The three phases can also effectively reduce the
torque ripples of ACPTFM.

2.2 Design variables

According to practical issues, some design parameters of
ACPTFM are fixed, see Table 1. Some basic dimensions
can be sized by applying the flux conservation law and are
also included in Table 1. The flux conservation law is an
approximate method which only considers the major
magnetic flux path. Therefore, the crucial parameters
should be determined by accurate methods in which the
major magnetic flux path and the leakage one should be all
considered. Additionally, the 3-D magnetic flux path as
shown in Fig. 1(b) requires 3-D analysis. As a result,
accurate results should be gained through 3-D FEA.

Table 1. Parameters of ACPTFM

Parameters Quantities
Rated power (kW) 29
Rated voltage (v) 514
Rated MMF (AT) 1800
Rated torque (Nm) 2700
Range of speed for constant torque (rpm) 0-100
Range of speed for constant power (rpm) 100-500
Maximum speed (rpm) 800
Number of phases 3
Number of pole pairs 36
Stator outer radius: ry, (mm) 275
Stator back yoke outer radius: gy, (mm) 231
Stator back yoke inner radius: ry,i (mm) 199
Single-phase axial length: 1, (mm) 78
Claw pole thickness: t;, (mm) 18
Claw pole arm width: wg, (mm) 24
Air gap length (mm) 1
Magnet material NdFeB

In this study, the crucial parameters are magnet width
wpyr (dvy), magnet height /p, (dv,), and overlap between
adjacent stator teeth (dv;) because they are very sensitive to
the torque of the machine and the amount of the used PMs.
Therefore, dv,, dv,, and dv; are selected as the design
variables to optimize the performance of ACPTFM. In this
paper, the overlap between adjacent stator teeth is defined
as zero when the tips of the stator teeth just reach the axial
centre of the stator yoke and it is defined as 100% when
the tips of the stator teeth reach the end face of the stator
yoke.

3. Optimum Design
3.1 Optimum design process

Fig. 2 shows the optimum design process of ACPTFM
using RSM. As described in section 2.2, the selected design
variables are dv,, dv,, and dv;. Table 2 shows the design
variables and levels. The design variables in zero level are
the values of the initially designed ACPTFM. The design
variables in +a level and -a level, which are determined by
possible values of the three design variables, decide the
maximum and minimum respectively.

Optimization process

(Selection of design variables):

v
Solving optimal point through
integrated investigation

N
Optimal point?

Comprehensive solution of
different response surface models

[ Setting the range of variables |

Design of experiment

| Collection of samples by FEA |

| Creation of response surface models |

Integrated analysis of different

response surface models - - - -
T (Defme optimum design pomt)

Fig. 2. Optimum design process of ACPTFM using RSM
3.2 Design of experiment

Design of experiment for fitting second-order response
model must involve at least three levels of each variable.
Therefore, central composite design (CCD) experimental
design method is adopted to meet the requirements of
fitting second-order response model [9]. CCD is obtained
by increasing some sample points based on the 2* (k is the
number of the design variables.) full factorial design or
fractional factorial design. The increased sample points are
composed of some middle values points and 2k points
which are in the coordinate axis and from the middle
values points +a and -a, respectively. In order to obtain an
orthogonal CCD, a is defined as 1.216 in this paper. The
corresponding values of the design variables are shown in
Table 2.

Table 3 shows the array of 2° CCD, which is determined
by the number of the design variables and their levels.
Three design variables (three levels) need 27 combinations
by full factorial design. However, CCD needs 15
combinations as shown in Table 3. The optimum result is

Table 2. Design variables and levels

Design Levels of design variables

variables -0 -1 0 +1 +a,
dvi (mm) 0.92 2 7 12 13.08
dv, (mm) 0.38 2 9.5 17 18.62
dvs (%) -6.49 0 30 60 66.49
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almost similar to full factorial design. The calculation time
is saved using CCD.

Table 3. Array of 2° CCD
Experiment No. dv, (level) dv, (level) dvs (level)
1 -1 -1 -1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 -1
5 -1 -1 +1
6 +1 -1 +1
7 -1 +1 +1
8 +1 +1 +1
9 0 0 0
10 -0l 0 0
11 +a 0 0
12 0 -0 0
13 0 +a 0
14 0 0 -0
15 0 0 +a

3.3 Response surface methodology

RSM is applied to seek the relationship between
multiple design variables and response in interested area
through statistical fitting method, which is based on the
investigation data from the designed machine. In this paper,
a second-order response model 1is established. An
approximately polynomial model is commonly used for a
second-order response function, which is expressed as [10]

k k k
y=ﬂ0+2ﬂixi+2ﬂiixi2+Z'ijxij+g (1)
i=1 i=1

i<j

where x represents the design variables, and S is the
regression coefficients for design variables, and ¢ denotes a
random error treated as statistical error. The observation
response vector Y of function y can be written as matrix
notation

Y=Xf+¢ 2)
where X is the matrix notation of the independent design
variables, and f is the vector of the regression coefficients,
and ¢ is the vector of the random errors. The least square

method is used to estimate unknown coefficients #. The
estimated vector of f is written as

B=XX)"'XY 3)

where X" is the transpose matrix notation of the design
variables. Then the fitted response vector Y is expressed as

Y=Xg. @)

In this paper, the second-order fitted model (4) is used as

the objective function. In order to achieve the high
contribution of PM to the torque, two objective functions
are adopted. F,,; is the average torque over one pole pitch
of the single phase in ACPTFM, and it is used to
investigate the torque variation; F,,, is the ratio of the PM
volume to the average torque, and it is used to express the
contribution of PM to the torque.

4. Optimum Design Results

As mentioned above, with the three design variables dv,
dv, and dv;, CCD is required to perform 15 experiments,
see Table 4. The 3-D static magnetic field is analyzed for
each experiment. The average torque and the ratio of the
PM volume to the average torque are calculated as shown
in Table 4. The torque profile of experiment results
according to variation of the design variables are simulated
by 3-D FEA and are shown in Fig. 3.

Table 4. Simulation experiment results

) Average PM volume
Experiment dv, dv, dvs torque /Average
No. (mm) | (mm) (%) (Nm) tor(gue

(mm”/Nm)
1 2 2 0 107.6 208.77
2 12 2 0 176.78 762.42
3 2 17 0 594.73 321.06
4 12 17 0 1261.92 907.88
5 2 2 60 190.16 118.13
6 12 2 60 310.38 434.25
7 2 17 60 584.68 326.58
8 12 17 60 1289.95 881.99
9 7 9.5 30 920.53 405.71
10 0.92 9.5 30 285.01 172.22
11 13.08 9.5 30 1032.18 676.09
12 7 0.38 30 43.18 345.94
13 7 18.62 30 1292.65 566.27
14 7 9.5 -6.49 867.75 430.38
15 7 9.5 66.49 905.52 41243

—=— No.l
—&— No.2
| —*—No.3
—¥— No.4
——No.5
—<¢— No.6
—— No.7
—— No.8
—*— No.9
—=&— No.10
—— No.11
No.12
No.13
No.14
No.15

Torque (Nm)

T
0.0 0.2 0.4 0.6 0.8 1.0
Displacement / Pole pitch

Fig. 3. Torque profile of simulation results
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After getting the experimental data by 3-D FEA, the two
objective functions which are used to draw response
surface are extracted using (3) and (4). The purpose of this
paper is to achieve high contribution of PM to the torque.
This is performed by minimizing the objective function
F,p, and maintaining F,;. The two objective functions,
namely the fitted models, for the three design variables are
shown as below

F,,;, =—305.3368+99.8189dy, +84.8185dv,
+2.305dv, —6.7689dv? —2.8963dv?

~0.0167dv2 +3.9735dv,dv, +0.0818dv,dv,
~0.1051dv,dv, (5)

F,,;, =197.0216+30.0821dv, ~15.5185d,

~3.7068dv, +1.1372dv{ +0.8896dv;
+0.0295dv; +0.9082dv,dv, —0.2241dv,dv,
+0.2214dv,dv, . (6)

It is necessary to examine the fitted model to ensure that
it can provide an adequate approximation for the response
model. Analysis of variance is applied to investigate the
precision of the fitted model. The coefficient of multiple
determinations R* and its adjustment coefficient R?,; are
utilized to evaluate the accuracy of the fitted model in this
paper. R* and R?,; for two responses are F,y; (0.975 and
0.971) and F,,» (0.981 and 0.978). The coefficients are
fairly high, which shows that the fitted model provide an
adequate approximation for the response model.

Fig. 4 shows the response surface for objective functions
F,py average torque and F,,; PM volume/average torque.
The rated torque of ACPTFM is 2700 Nm, so the rated
torque of the single phase in the machine is 900 Nm. Fig. 4
(a) indicates that in order to get 900 Nm average torque,
the magnet width dv, should be in the range of 4.5 mm to
6.5 mm and the magnet height dv, should be in the range of
9.5 mm to 14 mm. And when dv, and dv, are in such range,
the objective function F,,» has a minimum. Fig. 4(b) and
(c) show that F,,; is not sensitive to the overlap dv;, which
shows that the values of the optimal point of dv, and dv,
are in the range described above indeed. At the same time,
it can be seen from Fig. 4(b) and (c) that F,,, has a
minimum when dv, and dv, are in the above range though
F,p has small changes in these ranges.

Fig. 4 predicts the small existence range of the optimal
point, which is useful for further optimum design to
determine the optimal point ultimately. Under the condition
that the single-phase rated torque is 900 Nm, the design
variable dv, is calculated through objective function F,;
when the design variables dv, and dv; are given. Then,
substituting dv,, dv,, and dv; into objective function F,,,
we obtain the new response surface and contour of the ratio
of the PM volume to the average torque as shown in Fig. 5.
In the predicted small range of dv,, dv, and dvs, the optimal
point is determined eventually.
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Fig. 4. Response surface for objective functions Fop;
average torque and F,,, PM volume/average torque.
The MMF applied in the stator winding is 1800 AT:
(a) dvs; =30 % (0 level); (b) dv, = 9.5 mm (0 level);
(¢) dvy =7 mm (0 level)
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Fig. 5. Response surface and contour for the objective
function F,,» PM volume/average torque at average
torque = 900 Nm. The MMF applied in the stator
winding is 1800 AT: (a) Response surface; (b)
Contour

dv; (mm) dv, (mm) dvs (%)

Fig. 6. Optimized point

Fig. 6 shows the optimal point and the contour lines. The
optimal design point is finally decided when the magnet
width dv, equals to 5.2 mm, the magnet height dv, equals
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to 11.6 mm, and the overlap between adjacent stator teeth
dv; equals to 40 %. Table 5 lists the optimum level and
optimal point. Table 6 shows the comparison of the initial
model and the optimized one. Compared with the initial
model, the optimum model achieves a decrease of 10.71 %
in the ratio of the PM volume to the average torque. This
relatively improves the contribution of PM to the torque.
And the average torque of the optimum model has almost
no changes compared to that of the initial model.

Table 5. Optimum level and size

Ttem Design variables
dv1 de dV3
Optimum level -0.36 0.28 0.333
Optimum size 5.2 mm 11.6 mm 40 %

Table 6. Comparison of initial model and optimized model

Average torque PM volume/Average

Model (%\Im) ! torque (mmS/Nmz()g
Initial 920.53 405.71
Optimum 929.49 364.45
Variation (%) 0.97 -10.17

5. Experiment for Verifying the 3-D FEA
Calculation Method

As mentioned above, in the optimum design process, the
experimental samples are obtained from 3-D FEA
calculation method. Thereby, it is necessary to verify the
accuracy of the FEA calculation method. An actual
prototype is applied to implement the 3-D FEA calculation
method and experiments in the rotate model, and then a
comparison is done to investigate the difference between
two methods. The actual prototype is shown in Fig. 7. And
the comparison is shown in Fig. 8.

The actual prototype adopts outer-rotor structure. Its
stator and the rotor are made of the laminated stack of
metal sheets, and the stator also uses the claw pole

(a) (b)

Fig. 7. Actual prototype: (a) Stator; (b) Rotor

technique. The structure of the actual prototype is similar
to the optimized one. In order to verify the FEA calculation
method in a large range, the applied current for experiment
varies between 3.6 A and 7.2 A. The close static torque
profiles and a very acceptable deviation within 2% of
averaged static torque verified the accuracy of FEA
calculation method applied in the optimum design process.

30 T T T T T T T
—a— FEA method | 1
25 Experiment |-
F 7.2 Al
E 20
't/
%]
g 15 )
5 L
< / 3.6A
= L
wn /
5
0 " " " " " "
0 1 2 3 4 5 6

Rotor position [Deg.]

Fig. 8. Comparison between and FEA

calculation method

experiment

6. Conclusion

In this paper, a novel claw pole TFM — ACPTFM is
proposed. ACPTFM has assembled claw pole stator and
utilizes the lamination steels material to overcome the
complex structures and improve the performance of the
machine, An optimum design method using RSM is
presented to design ACPTFM in order to improve the
contribution of PM to the torque. The optimum design is
performed by maintaining the average torque while
minimizing the ratio of the PM volume to the average
torque. By implementing the optimization, the amount of
the PM is reduced without compromising the performance
of the machine. Finally, a prototype is applied to verify the
validity of the FEA calculation method which is used in the
optimization process. The results show that the optimum
design is valid and prove that the optimization and the
optimized model are successful.
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