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Abstract - This paper deals with a structural optimization to improve the open
circuit flux control capability of a double excitation synchronous motor. In this
kind of motor, the air-gap flux varies according to the field current. It can be weak-
ened or enhanced when decreasing or increasing the field current. For a specific
machine geometry, minimum and maximum air-gap flux are found at certain field
currents. It is, therefore, desirable to minimize the minimum flux and maximize
the maximum one to improve the controlling effectiveness of the field windings.
That objective is the focus of this paper through a structural optimization. The
machine is modeled by using an equivalent magnetic circuit network. Some in-
teresting points on the non-dominated pareto front will be verified against ones
obtained with the 3-D finite element method.

Keyword - Double excitation, geometry optimization, permanent magnet, syn-
chronous motor.

1 INTRODUCTION

A Double Excitation Synchronous Motor (DESM) pro-
poses additional excitation windings in a permanent
magnet synchronous motor (PMSM) [1]. Such kind
of structure combines advantages of a PMSM with the
high power density and high efficiency, and an advan-
tage from a would field synchronous motor, which is
capable of regulating flux in the air-gap. Several papers
have been presented focusing on DESMs, such as [1–6].

In the open circuit condition, the air-gap flux varies as
a function of the field current with minimum and max-
imum values exist in the flux weakening and flux en-
hancing regions, respectively. Various researches have
been done in order to optimize the air-gap flux charac-
teristic. In this paper, optimizing the air-gap flux char-
acteristic is meant to minimize the minimum point and
maximize the maximum one. In a research conducted
in [6], flux regulations of different DESM structures
were compared, and the authors proposed one design,
in which the air-gap excitation flux can be completely
canceled. Authors of [7] showed advantages of a paral-
lel DESM over a series one in terms of the open circuit
flux control capability. In [8], the flux control range was
to be maximized using a parametric design method, and
thermal aspect was not considered. In this paper, an op-
timization applied with a parallel DESM is performed
to lower the minimum flux and increase maximum one,
therefore broadening the flux regulation range. Due to
a huge number of model evaluations, an electromag-

netic model constructed by using an equivalent mag-
netic circuit (EMC) method will be adopted instead of
finite element method (FEM). The FEM is traditionally
much preferred due to its high accuracy but the long
computation time disadvantage (particularly 3-D FEM)
prohibits it from using when a thousands of runs are
required. This paper will be constructed as follows:
firstly, a reference DESM and the flux control range of
the prototype are presented. Secondly, the optimization
problem formulation is discussed. Then, optimization
results using the multi-objective particles swarm opti-
mization (MOPSO) approach is discussed, and some
interesting points on the pareto front result are studied
and compared with ones obtained by a 3-D FEM.

2 DESM PROTOTYPE

2.1 REFERENCE PARALLEL DESM MODEL

A number of motor prototypes using the double prin-
ciple has been realized according to different crite-
ria. Concerning the localization of the excitation flux
sources, both sources can be placed on the stator and/or
rotor. Regarding how flux sources are combine, a
DESM could be classified as series or parallel ones.
Fig. 1 shows the DESM reference model to be analyzed
in this paper [2].

This reference topology belongs to the parallel type,
which was proved to be advantegous over the series
configuration in respect of controlling the open circuit
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flux [7]. The main reason for choosing the parallel type
is due to the fact that the main flux path generated by the
field winding does not pass through permanent magnets
(PMs). Although owing to a complex flux paths as pre-
sented in [2], the homopolar flux still passes the PMs
causing a risk of demagnetization, and it also reduces
the controlling effectiveness of the field windings. In
this prototype, two toroidal field windings are placed on
the stator, so it helps to avoid sliding contacts. Ferrite
PMs are located in the rotor using the flux concentration
principle to increase the air-gap flux. In this prototype,
some flux lines are truly three dimensional as detailed
in [2], so that solid core material are advised to employ
in some regions. Detailed parameters are given in Ta-
ble. 1

End shield (solid)

Rotoric flux collector (solid)

Rotor core (laminated)

Rotor core (solid)
Stator core (laminated)

Field winding

External yoke (solid)

PM

Fig. 1. Reference model of DESM.

I. Reference DESM model configuration

Parameters Value

Number of phases 3

Number of turns per phase 33

Number of turns per field winding 150

Number of poles 12

Motor length 115 mm

Outer stator diameter 92 mm

Inner stator diameter 57.5 mm

Number of slots 36

Air-gap length 0.5 mm

PM residual flux density 0.4 T (ferrite PM)

Based speed 2000 rpm

Rated power 3 kW

2.2 FLUX CONTROL RANGE OF THE PROTOTYPE

As mentioned, the purpose of this paper is to optimize
the open circuit air-gap flux characteristic. Therefore,
an examination of this curve with the reference model
is shown in Fig. 2. This is obtained by using the EMC
method [9]. On account of the thermal limit, the field
current will vary between -6 A (weakening) and 6 A
(enhancing). The EMC results agree well with ones ob-
tained by using Ansys Maxwell, which is a 3-D FEM

package. It is interesting to see an unwanted reduc-
ing effect on the flux when the field current reaches
high. This is explained by the homopolar configura-
tion, which causes differencet effects of field current
on two stator tooth groups: the first group increases
flux and the second one decreases flux when field cur-
rent increases. With small field current, the increasing
effect of first group is bigger than reducing effect of
the second one making the total flux linkage increases.
However, because of the saturation when the field cur-
rent significantly increases, a small increase effect is re-
ported for the first group while the second group still
decrease flux at the same rate, therefore the resultant
effect make the total flux decreases. Details about flux
paths are referred to [2]. Table. 2 summaries the com-
parison between results obtained by the EMC and 3-D
FEM.

II. Flux control summary

Unit: mWb EMC 3-D FEM

Minimum flux ψmin 1.13 0.95

Maximum flux ψmax 4.24 4.16

Range ∆ψ 3.11 3.21

-6 -4 -2 0 2 4 6
0

1

2

3

4

5

Field current [A]

EMC
3D FEM

Maximum flux

Minimum flux

Pe
ak

flu
x/

ph
as

e/
tu

rn
[m

W
b]

Fig. 2. Flux characteristic according to the field current.

In next section, the optimization to maximize the max-
imum flux and minimize the minimum flux using this
EMC model will be discussed.

3 OPTIMIZATION PROBLEM FORMULATION

3.1 FIELD CURRENT RANGE FOR OBJECTIVE
CALCULATION

With regards to the field current variation, the minimum
and maximum points varies according to different ma-
chine geometries. With the reference geometry for in-
stance, as observed in Fig. 2, the minimum and max-
imum points occur at field currents of approximately
-6 A and 5 A, respectively. A highly accurate method
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to find these minimum and maximum points is to run an
optimization. However, this strategy is time consuming.
Instead, a set of discrete field currents will be examined.
This approach promises a good accuracy due to a sim-
ple variation of flux with respect to field current. In
detail, data is sampled with the current interval of 1 A.
For the range [−6 A÷ 6 A], 13 runs are required.

3.2 PROBLEM FORMULATION

The optimization is formulated as (1) with the note that
the maximizing ψmax objective is transformed to mini-
mizing −ψmax to have a min-min optimization problem
which is common in optimization demonstrations.

Minimize
X

F (X) =

[
f1(X)

f2(X)

]
=

[
ψmin

−ψmax

]
s.t. Rout = 92.5 mm

AL = 115 mm

Torque ≥ 10 Nm with Jmax = 10 A/mm2

with X = [x1, x2, x3, x4, x5, x6]

20 mm ≤ x1 ≤ 40 mm 3 mm ≤ x4 ≤ 10 mm
3 mm ≤ x2 ≤ 10 mm 3 mm ≤ x5 ≤ 7 mm
4 mm ≤ x3 ≤ 10 mm 10 mm ≤ x6 ≤ 20 mm

(1)
where Jmax is maximum current density (applied for
both field and phase windings).
x1, x2, x3, x4, x5, x6 are bridge length (distance be-
tween laminated stator and end-shield), bridge thick-
ness (same as the end-shield thickness), azimuth PM
thickness, side PM thickness, stator tooth width and sta-
tor tooth length, respectively in Fig. 1.
Rout andAL are outer radius and axial length of the mo-
tor. It is important to underline that Rout and AL are re-
mained constant, hence, the motor volume is essentially
constant. The axial length involves the axial length of
laminated stator part-namely stack length (SL), bridge
length (x1) and bridge thickness (x2). SL could be de-
duced from AL by (2):

AL = SL+ 2(x1 + x2) (2)

The torque constraint is examined at the maximum al-
lowable field and phase currents (at Jmax = 10 A/mm2).

4 OPTIMIZATION RESULT AND 3-D FEM
VALIDATION

4.1 OPTIMIZATION RESULT

In this research, the multi-objective particle swarm op-
timization (MOPSO) is used [10,11]. This optimization
technique is an evolutionary computation optimization
(a search method based on a natural system) developed
by Kennedy and Eberhart [12–14]. In this paper, the
number of generations and swarm size are both chosen
as 50. The optimization pareto front result is presented

in Fig. 3. The convergence of the pareto front is also
displayed for the first, 15th, 30th, and 50th (the last) gen-
erations. The range of flux control, i.e. the difference
between maximum flux and minimum flux, is shown in
Fig. 4.
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Fig. 3. Non-dominated solution at different generations
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Fig. 4. Range of flux control at final generation on the
pareto front

There are three interesting points on the pareto front,
the first point (the left extreme in Fig. 3) corresponds
to a structure, where the minimum flux is close to zero
i.e. the field windings almost cancel out the flux from
PMs. The second one is where the range of flux control
gets maximum and the last one (on the extreme right
in Fig. 3) is where the maximum flux reaches maxi-
mum. However, for the first 5 points on the left, the
minimizing ψmin objectives are almost the same while
much improvement is seen for minimizing −ψmax from
the first to the last. Therefore, the first 4 points on the
left are proposed to remove. The same approach is ap-
plied for the last 6 point group on the right: almost
no improvement for minimizing −ψmax and minimiz-
ing ψmin objective much decreases. As the result, the
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Fig. 5. Variable changes along the pareto front

last 5 points on the right are proposed to remove. In
these non-dominated solutions, there does not exist any
one better than other in all objectives. In other words,
there is no way to compare them all. However, three
interesting points are selected for further analysis and
validated with 3-D FEM, in particularly: the two ex-
treme points (on the left - Point 1 and right - Point 3)
together with the point of maximum flux control range
- Point 2.

The variable changes and stack length (SL) (described
as (2)) according to solutions on the pareto front are
sketched in Fig. 5. As reported in Fig. 5, the stack
length (SL) reveals an increasing trend as both objec-
tives increase. This could be generally explained by
the fact that when the stack length increases, it causes
the azimuth PM length (these PMs are attached along
the stack length) increases, hence more flux from these
PMs.

As described in section 3.2, the torque constraint is ex-
amined at maximum allowable field and phase currents.
These maximum values at each given solution occur at
maximum current density Jmax = 10 A/mm2. Their
evolution is depicted in Fig. 6. As it will be seen: a
decreasing trend for the phase current and a slight in-
creasing trend for field current. Together with variables
trend shown in Fig. 5, it can be observed that although
the stack length expands, the available space in axial
direction for the field windings is reduced due to rela-
tion (2). However, the stator tooth length (x6) decreases
i.e. more spaces for the field windings in the radial di-
rection. The radial expansion takes dominance over the
axial one, as a result, more spaces for the field wind-
ings. Meanwhile, the stator tooth width (x5) reaches
and remains at its maximum value (7 mm) leading to a
reduction of the phase winding slot area when the stator
tooth length is shortened.
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Fig. 6. Maximum allowable currents along the pareto
front

4.2 3-D FEM VALIDATION

As mentioned above, three points of interest will be ex-
amined by comparisons with 3-D FEM for theirs flux
control capabilities. Table. 3 summaries dimensions of
these points in comparison with the reference model.
The corresponding geometries will be seen in Fig. 7

III. Variables of interested points

Unit: mm Point 1 Point 2 Point 3 Reference

SL 30 55.8 61.8 40

x1 32.5 20 20 30.5

x2 10 9.6 6.6 7

x3 10 7 10 6

x4 8.5 10 10 6

x5 7 7 7 5.5

x6 15.3 10.1 10.3 17.5

The FEM validation of flux control capabilities over the
field current range of [−6A÷6A] is presented in Fig. 8
together with the reference model.

A good accordance between the EMCN models and 3-
D FEM ones is seen in Fig. 8. Point 2 (maximum flux
control ranges) exhibits its highest slope i.e. better ef-
ficiency of the field current utilization in the flux reg-
ulation. Table. 4 (3-D FEM result) compares the flux
control characteristics of the three points and the refer-
ence model.

5 CONCLUSION

An optimization using MOPSO strategy with EMCN
model has been presented in this paper. The optimiza-
tion purpose focuses on improving flux control range of
a type of DESM. Several solutions are proposed with
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Fig. 7. Corresponding geometries: (a) Point 1. (b) Point 2. (c) Point 3. (d) Reference model
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Fig. 8. Result validations with 3-D FEM ones.

IV. Flux control summary (3-D FEM result)

Unit: mWb Point 1 Point 2 Point 3 Reference

ψmin 0.28 1.79 2.87 0.95

ψmax 3.84 7.00 7.57 4.16

∆ψ 3.56 5.21 4.70 3.21

one could improve flux control range from 3.21 mWb
(reference model) to 5.21 mWb with the same range
of field current. One configuration is also found to al-
most cancel out PM flux. These findings further empha-
sizes a distinguishing feature of air-gap flux adjustment
by field windings in DESMs. In a perspective, perfor-
mance comparisons will be considered to comprehen-
sively evaluate the proposed models.
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