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Abstract This paper presents a new optimal design of the
magnetic circuit for a modular reluctance transverse flux
motor (TFM) with an outer rotor. The design aims at maxi-
mizing the average electromagnetic torque and minimizing
the ripple torque, with the two requirements appropriately
weighted depending on a specific application of the motor.
A precise numerical FEM model of the motor, developed in
the Flux3D program, is coupled with a MATLAB-based evo-
lutionary algorithm for constrained optimization of construc-
tion parameters of the magnetic circuit. The fundamental role
of a type of an optimization criterion function is emphasized
and a new effective criterion function is introduced. The per-
formance of an optimal motor prototype constructed accord-
ing to the optimum design fully confirms the usefulness of
the presented approach.

Keywords Transverse flux motor - 3D field
modeling - Evolutionary optimization -
Optimization criteria - Electromagnetic torque -
Ripple torque

1 Introduction
Transverse flux motors (TFMs) have recently attracted

remarkable interest both from the academia and various
industrial environments [1,3,4]. The low-speed motor is
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characterized by a high ratio of the electromagnetic torque
to its volume [18,19,23,24], leading immediately to various
high-torque transmission-free applications, not to mention
electric wind generators [1], electric (and hybrid) drives [5]
and in-wheel drives [9,11,16]. On the other hand, there has
been a tremendous effort devoted to the problem of reduc-
tion of accompanying torque pulsations, often referred to
as the ripple/cogging torque, which has been plaguing not
only TFMs [6-8,14,15,21,22,25]. Reduction of the ripple
torque is certainly welcome in the above high-torque imple-
mentations, but it is vital in modern control and robotics
applications [2]. Simultaneous maximization of the average
electromagnetic torque and minimization of the ripple torque
is a contradicting task which can only be solved in a compro-
mise way for a specific TFM construction. A new construc-
tion optimization approach offered in this paper enables to
flexibly fulfill the average torque versus ripple torque com-
promise depending on a specific TFM application. An evolu-
tionary optimization algorithm is run over admissible sets of
a number of construction parameters of the magnetic circuit
of the motor.

A prerequisite for an optimal design of the electromag-
netic field distribution in special-construction motors like
TFMs is the availability of an accurate, numerical, neces-
sarily 3D model of the field. An effective tool for the pur-
pose is the 3D FEM and an adequate modeling environment
is the Flux3D program. The program is coupled with the
MATLAB package which provides means for the develop-
ment of an evolutionary optimization algorithm. It should be
stressed that the employed modeling and optimization tools
help to avoid constructing and verifying a number of physical
motor prototypes, which could be very expensive.

The rest of the paper is structured as follows. A con-
struction of a basic TFM prototype to be optimized and its
numerical model are presented in Sects. 2 and 3, respectively.
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Fig. 1 Schematic of basic TFM prototype (prototype A)

Ranges of decision variables for construction optimization
are analyzed in Sect. 4. An evolutionary algorithm (EA) for
optimization of the magnetic circuit is outlined in Sect. 5,
with various optimization criteria comparatively analyzed in
Sect. 6. Final performance results for the optimized motor,
with experimental verification on a constructed physical
model are given in Sect. 7 and concluding remarks of Sect. 8
complete the paper. Some other details on modeling and
construction optimization of TFMs can be found in Refs.
[12,13,17,18].

2 Construction of a basic TFM prototype

The basic motor prototype to be optimized (Fig. 1) consists
of three equal modules, with the rotor sectors shifted between
each other by ten mechanical degrees. Three stator mod-
ules are centered along the motor shaft. Each sector has six
teeth and contains one phase belt. The modules are sepa-
rated from each other with nonmagnetic inserts. The basic
six-teeth TEM prototype is referred to as prototype A. The
main specifications for the motor are given in Table 1.

A simplified topology of circulation of the main flux is
shown in Fig. 2, which illustrates the operation principle of
the machine. The motor operates as a three-phase machine
in the auto-piloted mode. The motor is supplied from a DC
source through a three-pulse electric inverter. Control of
the motor reduces to supplying the phases with a rectan-
gular current waveform according to the sequence A,B,C,A.

Table 1 Specifications for TFM, prototype A

Supply voltage U, =24V
Rated current I, =12A
Rotational speed 0 <300 rpm

Winding Three-phase
Number of turns 130
External diameter of rotor 125 mm
External diameter of stator 99.5 mm
Air gap 8 =0.5mm
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Fig. 2 Simplified topology of magnetic flux circulation

Connection of any phase results in adequate positioning of
the rotor with respect to the stator (the teeth are aligned).
Since the rotor sectors are shifted between each other, the
successive connection of the phases causes the rotor to rotate.
The connection of the successive phases is triggered by the
signals from three transoptor sensors located in the external
module. The sensors co-operate with a light-reflecting disc
mounted onto an inner wall of the rotor.

It is worth mentioning that we have constructed the basic
TFM prototype according to the state of the art as a result
of long experience with earlier, low-quality prototype con-
structions [12,17]. However, formal optimization tools were
not available to us at the time of constructing the basic TFM
prototype. The basic motor (prototype A) will be used as a
platform to verify the adequacy of a numerical model as well
as a reference for the optimum TFM design.

3 Numerical model of the basic TFM

A numerical, FEM-based model of the basic motor was
developed in Flux3D [12]. The 3D magnetostatic field was
described using the method of scalar magnetic potentials. A
simplifying assumption is introduced in the calculations that
no magnetic couplings occur between the modules, which is
justified by separation of the modules with the nonmagnetic
inserts of an appropriate width. The assumption enables to
limit the calculations to a single module only, and taking addi-
tionally account for the symmetry conditions in the motor, to
1/18 of the motor volume, which is called a calculation seg-
ment or just a segment. The structure of the motor module
and the discretization mesh for the numerical model are
depicted in Figs. 3 and 4, respectively.

The electromagnetic torque is calculated by the virtual
work method as a derivative of the magnetic co-energy with
respect to the rotation angle between the rotor and stator. The
rotation of the rotor versus stator is modeled by the sliding-



Electr Eng (2010) 92:111-118

113

Fig. 3 Construction of TFM numerical model with boundary condi-
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Fig. 4 Discretization mesh for TFM segment

Fig. 5 Cross-section of the
TFM segment

surface method [11,17]. In calculating the magnetic field, the
approximated magnetizing curve for the electric steel is used
according to Refs. [12,17].

The magnetic hysteresis and eddy currents are neglected
in the calculations as well as a constant current density is
assumed in the whole cross-section of the coils.

In a comparative analysis to follow, we will be interested
in values of the average electromagnetic torque and the rip-
ple torque. In a ripple torque-related analysis, we introduce
a useful torque pulsation factor:

& = (Tmax — Tmin) / (2Ta0)) 100% (1)

where Tiax, Tmin, Ty denote the maximum, minimum and
average values of the electromagnetic torque, respectively.
The factor is based on the Electrotechnical Vocabulary, IEC
50-411, item 50-26, which has been brought to the authors’
attention by one of the anonymous Reviewers.

Remark 1 Note that in the previous torque-related analy-
ses [17,18,20,25], the torque pulsation factor was defined
as a doubled one in comparison to that of Eq.(1), thus giv-
ing unnecessarily rise to twice as higher relative pulsation
figures.

The high performance of the numerical model for the basic
TFM will be illustrated in comparison with its optimized
version to follow.

4 Analysis of decision variables for optimization

Analysis of construction parameters of the magnetic circuit
for the basic TFM is performed under the assumptions of a
constant volume of the module and a constant external radius
of the motor. The main construction parameters of the basic
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Table 2 Main construction parameters of the basic motor

ro r1 r r3 r4 r; I'm I a, B
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (°)
15 23 4250 49.75 5025 6 62.50 32 30

Table 3 Calculated electromechanical parameters of the basic motor

Tax Thnin Tav & Ly
(Nm) (Nm) (Nm) (%) (mH)
2.01 1.27 1.74 21.32 16.54

TFM are shown in the cross-section of the calculation seg-
ment (Fig. 5) and specified for the basic motor in Table 2.
Results of calculations of the main electromechanical (or
integral) parameters for the basic motor are listed in Table 3,
where we also include the average inductance L., of the
motor belt.

Now, we have the precise numerical model for the TFM
but firstly, we are not quite sure which construction parame-
ters are really meaning so that they could be chosen as deci-
sion variables for optimization and secondly, we do not know
ranges of effective variations for the decision variables, the
knowledge being crucial for possible reduction of a (very
high) computational burden. The aim of this Section is to
analyze how variations in the construction parameters affect
the electromechanical parameters of the motor and to select
a set of the decision variables, together with their variation
ranges.

The influence of construction parameters on electrome-
chanical parameters is analyzed for the basic machine with
numbers of teeth in the stator and rotor being equal to 6. A
number of windings in the module belt are 130 and the current
for which the calculations are made is equal to 12 A. In order
to properly assess the influence we introduce two additional,
relative, electromechanical parameters ATy, and AL, that
is percentage changes in the average torque 7,, and aver-
age inductance Ly, respectively, with respect to those for
the basic (or reference) motor. Due to space limitations we
illustrate the said influence by one example only, namely
variations in the parameters r1,/;, « and B, as shown in
Table 4, with the parameter variations denoted by the deltas.
Full details on the results of the analysis of the said influence
can be found in Refs. [12,13,17].

As a result of the above pre-optimization analysis, cer-
tain construction parameters are assessed to have only minor
influence on the integral parameters of the TFM, so they are
omitted in the optimum design. Finally, a vector of the deci-
sion variables is selected as xT = [ry, r2, 13, ., o, B] (see
Fig. 6) and variation ranges for each decision variable are
specified. A ‘reasonable’ air gap is determined to be § =
0.5 mm.

@ Springer

Table 4 Integral parameters versus selected construction parameters
(r1,I;, ¢ and B)

Ary(mm) O 6 2 2 2 0
Al;(mm) 2.5 1 1 0
Aa(®) —4 —4 0 —4 —4 0
AB(°) 0 —4 0 0 —4 0
Tmax(Nm)  3.64 243 2.77 2.55 2.67 2.01
Tmin(Nm)  1.45 1.67 1.94 1.01 1.00 1.27
T4y (Nm) 2.65 2.23 2.48 1.83 1.87 1.74
ATqy (%) 53.48 28.29 4280 5.18 7.69 -
&(%) 4145 17.01 1691 41.07 44.64 21.32
Lgy(mH) 18.07 14.71 19.89  14.77 14.70 16.54
ALgy (%)  7.47 —-17.21 2021 -—-10.72 —11.17 -
Ampe(%) 18 4 11 9 5 -
Amcy (%) 15 39 24 24 24 -
MATLAB FLUX3D
Individuals
Evolutionary Data | | dam " Field model
algorithm base Calculation modification
T ; results 7,~f6} Mesh generation
Numerical calculation

Fig. 6 General diagram of optimization process

Remark 2 1t is worth mentioning that although the volume,
outer diameter and air-gap length of the motor are kept con-
stant during various design calculations, the active stator and
rotor masses (copper, iron) may be subject to variations due
to changes in the geometry for various constructions. Cor-
responding relative increases in the masses of iron and cop-
per for the whole motor, Am . and Amc,, respectively, are
shown in Table 4. These are quite low figures as compared to
the improvements in the integral parameters as demonstrated
in Table 4. As for the masses of iron for the stator only, their
relative increases ranged from 18 to 45% for various motor
versions.

Let us remember that the above analysis has been per-
formed for the basic, physically existing six-teeth prototype
(prototype A). We have repeated all the TFM model com-
putations for some other numbers of motor teeth, which are
illustrated in Table 5 in terms of the average torque only. For
practical technological reasons, we have found the number
of teeth equal to 12 as most reasonable for an ultimate, opti-
mal TFM implementation. In that case, the numerical model
is quite similar to the six-teeth case, but the symmetry con-
ditions enable to limit the calculation segment to 1/36 of the
motor volume.

We have used the six-teeth prototype (A) for positive
verification of the numerical model. Based on that model,
we have designed (but not constructed!) a 12-teeth motor
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Table S Average torques for various numbers of teeth

Number of teeth Average torque (Nm)
6 1.74
12 2.71
18 3.28
24 3.49

prototype, ‘equivalent’ to A, to have a basis for final con-
struction optimization (of the 12-teeth motor). Calculated
construction and integral parameters for that basic 12-teeth
motor model are specified, together with its optimized
version, in Table 6.

5 EA for optimization of the magnetic circuit

Minimization of certain criteria functions is numerically per-
formed making use of an evolutionary algorithm, being a gen-
eralization of a genetic algorithm [12,13,18]. Well-designed
EA is known to have a (very) low probability to be stuck in a
local minimum. The optimization tool, that is EA available in
the MATLAB environment, is coupled with the Flux3D pro-
gram used to design the magnetic circuit, which is depicted
in Fig. 6.

Since field models are characteristic of a high computa-
tional burden, in particular for 3D FEM, the optimization
algorithm is extended to include a database. The database
is used to store data of individuals and the calculated elec-
tromagnetic torque. Prior to each field calculation cycle, the
data base is searched to check up whether field calculations
have already been made for the generated individual. In case
such an individual has been found in the database, the mag-
netic field calculations are omitted. This enables to essen-
tially reduce the computational effort as the execution times
both for the save operation and searching the database are
negligible when compared to the torque calculation times.

A number of computer simulation runs have been per-
formed using our EA. The algorithm is set to operate on
20 individuals per population and a number of generations
equal to N = 100 are assumed as a stop condition for the
algorithm.

6 The impact of various optimization criteria

Use of various, fitness-related optimization criteria has been
analyzed in detail in Refs. [13,18]. Both high-torque and low-
pulsation criteria have been examined and specific criterion
functions have been recommended in specific TFM appli-
cations. Based on that analysis, a flexible criterion function
has been introduced in Ref. [17], which is now extended to
a new, more general, EA-related criterion:

min [s@ = [CO) + k(T /T

+(1 — k) —8/100)2]_1], )

where T} is the average electromagnetic torque for the basic
(unoptimized) motor, £k € [0.0, 1.0] is the weighting coef-
ficient, C (i) is the variable weighting factor controlling the
selective pressure of EA, with i being the successive number
of EA generations, and X C R®is a subspace of admissible
solutions related to variation ranges for the decision vari-
ables. We propose to use the exponential weighting function
C@i) = co(1 — AN, where ¢ is the user-selected initial
value (we use cp=1.0), N is the total number of EA gener-
ations (i = 1,..., N) and the exponential weighting coef-
ficient A € (0.0, 1.0) is typically selected close to 1.0 (we
use A = 0.96). The objective/fitness function (2) provides a
simple realization of the evolutionary design in multicriterial
optimization.

The criterion (2) can serve a plethora of TFM construc-
tion optimization tasks, ranging from the maximum-torque
(k = 1.0) to the minimum-pulsation (k = 0.0) designs.
Depending on a specific application of TFM the designer can
select the weighting coefficient to cover either high-torque or
low-pulsation solutions, or to compromise between the two.
In Ref. [13], we have presented three instructive examples
in which k was selected to be 1.0, 0.0 and 0.5, thus provid-
ing three different construction solutions for TFM. We recall
the last example, with & = 0.5, which can be translated to
the requirement of both high torque and low pulsations. The
impressive results on construction parameters versus inte-
gral parameters in Table 6 are self-explanatory (with bold
values indicating the most important changes). This illus-
trates the power of both our new design approach and of the
criterion (2) in the construction optimization of the TFM.

Table 6 Construction parameters and integral parameters for TFM before and after optimization according to (2)

r rn r3 [ o B Tmax Tmin Tav & Mmre mcy

(mm)  (mm) (mm) (mm) (%) ©) (Nm) (Nm) (Nm) (%) kg) (kg
Before optimization 23 42.5 49.75 6 15 15 3.45 2.17 2.99 2142 3.36 2.34
After optimization 27 43.5 51.75 7.5 15 12.5 5.66 4.03 5.18 15.68  3.72 3.15
Change (%) +18 +2.4 +2.5 +25 0 -17 +64 +86 +73 -27 9 34
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: —4— After optimization, k=1.0
1 —8— After optimization, k=0.0
After optimization, k=0.5
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5 10 15 20 25 30
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Fig. 7 Electromagnetic torque versus rotor rotation angle

Remark 3 1t is interesting to note that, for the optimized
12-teeth version of the motor, the increases in masses of iron
and copper for the whole motor, m g, and mc,,, respectively,
were calculated to be equal to 9 and 34%, respectively, which
is specified in Table 6. Additionally, note that the increase in
iron mass of the stator only was equal to 33%.

The above three optimal solutions, that is for k equal to 1.0,
0.0 and 0.5, are now additionally compared in terms of plots
of Fig. 7 of the electromagnetic torque versus rotor rotation
angle. The value of the criterion (2) can also be appreciated
from a comparison with an additional plot included, namely,
for another criterion function:

min {e@) = [Ta/Gon '], 3)

eX

where s is the standard deviation of the electromagnetic
torque
» 1/2
s=11/n=1)D (T —Tu)*} )
i=1

with T,; being the value of the electromagnetic torque for
the ith angle of rotation of the rotor versus stator and 7 is the
number of the angles.

Clearly, the criterion (3), aiming at the simultaneous max-
imization of the electromagnetic torque and minimization of
the ripple torque, is inferior to that of (2).

7 The optimized physical model of the motor
A new, optimized 12-teeth TEM prototype, called prototype
B (see Fig. 8) was constructed according to the ‘compromise’

solution presented in the above Table 6. Its average electro-
magnetic torque is increased by some 70% as compared to
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Fig. 9 Electromagnetic torque versus rotor rotation angle for basic and
optimized TFM prototypes (A and B)

the basic (12-teeth) TEM prototype, with torque pulsations
reduced by some 25% at the same time (compare with the
simulation figures of 73 and 27%, respectively).

Taking into account for the simplifying assumptions made
at the modeling stage as well as some manufacture inaccu-
racy occurred in providing the specific air gap, the quality
improvement for the optimized versus basic prototypes is
really impressive. It is interesting to note that the external
dimensions (r,,, [,,) of the two considered motor prototypes
A and B are the same.

For additional illustration of the final effect, Fig. 9 presents
plots of the calculated/measured electromagnetic torque ver-
sus rotor position for the two constructed prototypes, that
is the initial six-teeth prototype A and the final optimized
12-teeth prototype B. Note that the average torque for the
latter is some 400% higher, with the ripple factor being two
times lower and the static inductance some 10% higher.

Remark 4 The (subjective) comparison of prototypes A and
B may raise doubts, in particular in terms of four-times higher
torque for the latter. In fact, given the mmf and flux den-
sity, the force density is inversely proportional to the pole
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Table 7 Average torques 7, for various prototypes of the motor

T,y for 6-teeth TFM T,y for 12-teeth TEM

(Nm) (Nm)
Before optimization ~ 1.41 2.99
After optimization 2.64 5.18
Change (%) +187 +173

pitch [10]. Well, but the prototype A is an initial, unoptim-
ized six-teeth motor, whereas the prototype B is an optimized
12-teeth machine. A more rational comparison of the pro-
totypes is additionally given in Table 7, which confirms the
(approximate) doubling the torque against doubling the num-
ber of poles [10]. Also note that the figures in Table 7, related
to the 6-teeth TFM before optimization and the 12-teeth TFM
after optimization, are yielded from measurements on phys-
ical motor prototypes. It is worth mentioning at last that,
referring to the 6- and 12-teeth stators, the doubled torque
for the latter is connected with half-speed when supplying
with same voltage (and frequency).

8 Conclusions

This paper has presented an effective solution to the prob-
lem of optimization of TFM construction parameters mak-
ing use of a combination of a 3D FEM and an evolutionary
algorithm. An optimum design enables to determine optimal
construction parameters aiming at improved electromechan-
ical parameters of the motor, which are represented here by
high average electromagnetic torque and/or low ripple torque
pulsations. In addition to advantageous effects of the evolu-
tionary algorithm, the performance of the optimization pro-
cess depends largely on a type of a criterion function used.
The criterion function can be formulated in various ways
for the same construction optimization task. A new flexi-
ble and effective criterion function has been proposed for
the purpose, with a range of values of the weighting coeffi-
cient covering various optimal torque versus pulsation tasks,
depending on specific applications of the motor.

The optimum construction design has been effectively
applied in a new TFEM prototype. Electromechanical param-
eters of the optimized prototype motor have been found very
close to the theoretically calculated figures and much better
than those for the basic, unoptimized prototype used as a ref-
erence. It is worth emphasizing once more that the numerical
model has been developed for the initial, physically con-
structed 6-teeth prototype (A) and the construction optimi-
zation process has been implemented on the final, physically
constructed 12-teeth prototype (B). This illustrates the versa-
tility of the numerical model and the optimization procedure
employed.
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