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1Abstract—This paper presents the design, analysis, control,
optimization and experimental evaluation of an Electrically
Controlled Permanent Magnet Excited Synchronous Machine
(ECPMSM) possessing field-control capability. In order to
increase flux control range of the machine a three-dimensional
finite element analysis (3-D FEA) and the GOT-It software
optimization tool are used. The experimental results of no-load
back electromotive force (back-EMF) waveform of the
prototype machine and a comparison between the analysis and
test results are also presented.

arrive at new unconventional machine configurations.

Index Terms—Electric vehicles, finite element methods,
optimization, permanent magnet machines, field-weakening.

I. INTRODUCTION
PM brushless machines have become widely used for
traction applications of electric vehicles (EVs), mainly due
to their high efficiency, high power density, high drive
performance and maintenance-free qualities. However, in
these applications, they often suffer from uncontrollable
magnetic flux, thus limiting their constant power operation
in high speed regions.
The common method to achieve high efficiency of energy
conversion in the lower speed range of the PM machine is
over-sizing dimensions of PMs and reducing losses. It gives
an increased magnetic flux density, and the required output
torque of the machine is obtained by minimized stator
currents. The advantage of the method is connected with
challenges in the high speed operation range.
Thus, to cope with a wide speed range, optimal motor
drives for hybrid or battery electric vehicle applications
should offer a field weakening machine capability of 1:4 or
even 1:5. There are many ways of solving this problem that
have been described in literature, e.g. [1]–[16].
In general, it can be concluded that obtaining field
weakening in PM machines by eliminating detrimental
effects of d-axis current injection has been of great interest
to machine designers. Moreover, thanks to advances in
material technologies, such as PMs, magnetic steels and
composite materials with iron powder, have allowed to

Fig. 1. Cross section of the prototype ECPMSM machine with the double
surface-mounted PM rotor and 3-phase windings stator structure with
a fixed DC excitation control coil.

The purpose of this paper is to present a design
optimization of the ECPMSM machine in order to improve
its over-speed capability using 3-D FEA.
II. MACHINE DESIGN
In order to realize field excitation control to increase or
decrease the magnetization level of the machine an auxiliary
direct current (DC) control coil is centrally mounted inside
the stator core SMC, between two laminated stators, and it
can be supplied by a 2Q-DC-chopper via stator-fixed
terminals. This allows to vary the effective excitation field
and the induced voltages in the armature winding.
Figure 1 shows a three-phase (3-phase) prototype
ECPMSM machine with a 12-pole double inner rotor
topology and two sheeted stator cores. Armature windings
are located in 36 slots in each of the two stator stacks. On
the one side of the machine, the rotor is formed by
the exhibited single polarity PMs along with iron poles made
from a soft magnetic composites (SMC) material. On
the other side of the machine, the same arrangement is
positioned with PMs of inverse polarity.
The flux generated by PM's passes through the laminated
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stator cores pole pieces, and it crosses the air-gap of the
machine in the radial direction. A main portion of the flux is
passed through the stator core SMC in the axial direction,
and it is returned via the rotor core SMC. The remaining part
of the flux excited by PM passing through the stator cores
returns to the iron pole SMC of the rotor. The flux passing
through the iron pole is very important from the point of
view of a field-weakening capability.
The main design data of the prototype ECPMSM machine
is listed in Table I.

been applied.

Fig. 3. Magnetization curves of the laminated material and the SMC.

TABLE I. MAIN DESIGN DATA.
1.0 kW
Maximal constant power
0-3000 rpm
Speed range
76.5 mm
Rotor outer diameter
165.0 mm
Stator outer diameter
2 × 40.0 mm
Stator stack length
3.0 mm
Air-gap length
8×3 mm
NdFeB-PM dimensions (width x thickness)
1.2 T
NdFeB-PM remanence

To accurately calculate various components of a no-load
magnetic flux density and to predict the back-EMF range, an
output torque and a cogging torque of the machine, an
adequate initial three-dimensional finite element model-I (3D FEModel-I) was developed, taking into account nonlinear
B-H curves and the machine’s lack of the symmetry.
Figure 3 shows magnetization curves for the laminated
and the SMC materials, which have been used in
the prototype machine and during the 3-D FEA.

Active stator and rotor parts of the prototype ECPMSM
machine are shown in Fig. 2.

III. PERFORMANCE ANALYSIS
The optimal design of the machine is based on a precise
mathematical model, which consists multiple dependent and
independent parameters. There are three important,
independent
geometry
parameters
characterizing
the weakening and strengthening capability of the prototype
machine: thickness of magnets -d1, length of the air-gap in
front of the PM pole -m and length of the air-gap in front of
the iron pole -ip.
During optimization, the independent geometry
parameters are fixed in the range: d1 = 1.0 mm to 5.0 mm,
m = 0.5 mm to 4.0 mm and ip = 0.5 mm to 4.0 mm.
The 3D-FEModel-I, shown in Fig. 4(a), is developed
using commercial Flux3D v.10.4.2 software and used
throughout optimization and 3-D FEA, and it contains
approximately 280 000 nodes. Moreover, magnetic flux
distribution within the 3-D FEModel-I without DC
excitation control coil current has been shown in Fig. 4(b).

Fig. 2. The stator and rotor parts of the prototype ECPMSM machine.

In order to determine both the field weakening and
strengthening capability of the prototype machine,
experimental results have been employed.
The results show that the field control range of the
machine is too small and insufficient from the standpoint of
EVs application. Therefore, to achieve a better design
solution for increasing the field weakening and strengthening
capability of the machine, optimization techniques based on
a genetic algorithm (GA), along with the 3-D FEA, have

a)
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to find optimal independent geometry parameters for
increasing magnetic flux control of the machine within
achievable range. The goal is to optimize parameters: d1, m
and ip in order to maximize flux control range and rated
torque. According to the problem formulation, a vector of
design variables x has been defined: x = (d1, m, ip).
Hence the objective functions were specified as:

In order to confirm the accuracy of the 3-D FEModel-I
results, they have been compared with several experimental
results. Figure 5(a) shows comparison of the no-load backEMF waveforms at 1000 rpm rotor speed for different
magnetization levels of the machine between experimental
and 3-D FEA simulations. In addition, Table II lists
predictions obtained from the 3-D Model-I and optimized
3-D FEModel-O within 3-D FEA both with the following
values measured: the root mean square (rms) of back-EMF,
V = Ust/Uweak where Ust, Uweak are rms value of back-EMF
voltages with field strengthening and weakening
respectively, Tav – average electromagnetic torque, and
the geometry parameters d1, m, ip.

(2)

 B  dS,

(3)

Sm

 ip   B  dS.

(4)

Sip

By minimizing (1), the difference between fluxes passing
through the magnet m and iron pole ip becomes small and
thus increased flux control range is obtained. It should be
pointed out that the optimization objective and constraint
functions should be calculated while the magnetic field is
weakened.
A constrained optimization problem was implemented
based on an aggregated objectives function f1(x) (to be
minimized) and an inequality constraint function f2(x) (to be
≤ 0). Furthermore, in order to find the global optimum for
the optimization problem, a chaining optimizer has been
used. It contained two optimizers: GA and a sequential
quadratic programming (SQP), as well as a seed for the
pseudo-random generator [18]. In the GA algorithm, a
maximum number of generations (iterations) equal to 100
and a population equal to 30 have been used. In the SQP
algorithm a maximum number of iterations, equal to 20, and
a tolerance of 1.0e-6 have been employed.
The optimization results show that, for the purpose of
increasing the field control range efficiently, the length
values of air-gaps of the machine should be quite different.
The geometry parameter m should be larger than parameter
ip and they should retain a proper ratio.
Figure 6 shows the topology comparison of the 3-D
FEModel before and after optimization process. As can be
observed, the area of the iron pole for the optimized 3-D
FEModel-O has increased substantially by reducing the airgap length ip. Moreover, both the thickness of the magnets
d1 and the air-gap length m in front of the magnets have
increased slightly.
Figure 7 shows a 3-D magnetic field density distribution
in the total air-gap and values of magnetic flux m and ip
obtained by FEA for 3-D FEModel-I and 3-D FEModel-O at
three different values of DC excitation control coil current
(-2000-, 0-, and +2000-A turns). The results show that
the weakening or strengthening magnetic field is observed
more clearly in the air-gap in front of the iron pole for

TABLE II. BACK-EMF (AT 1000 rpm), RATED TORQUE AT
DIFFERENT EXCITATION CURRENT CONTROL COIL, GEOMETRY
PARAMETERS AND FACTORS.
Simulated
Measured
IDC (A)
-2.0
0
2.0
-2.0
0
2.0
Back EMF (V)
63.0
56.6 71.3 62.0 56.1 71.0
1.13
1.14
V
Tav (Nm)
2.7
3.3
4.1
2.9 3.3
3.8
3/3/3
d1/m/ip (mm)
B1/B2/Bm/Bip 0.51/0.33/0.26/0.44
Back EMF (V)
26.5
64.9 88.6
3.34
V
Tav (Nm)
1.9
3.51
5.8
3.915/3.78/1.2
d1/m/ip (mm)
3-D FEModel-O 3-D FEModel-I
optimal
initial

f 2 (x)  k1 mi (x)   m (x),

m 

a)
b)
Fig. 5. Back-EMF waveforms under different magnetization level. (a)
Comparison between 3-D FEModel-I and experiment. (b) Predicted by 3-D
FEModel-O.

0.67/0.21/0.19/0.64

(1)

where k1 = 0.8 is an assumed reducing magnet flux
coefficient, m, mi, ip, are magnetic flux components
passing through the air-gap created by PM, PM at initial 3-D
FEModel-I and iron pole respectively, were calculated as:

b)
Fig. 4. FEModel-I of the ECPMSM machine. (a) Meshed model with
integral air-gap faces. (b) Magnetic field distributions.

B1/B2/Bm/Bip

f1 (x)  Abs ( m (x)  ip (x)),

-

IV. OPTIMIZATION PROBLEM
As mentioned above, the main purpose of this study was
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the optimized model then the initial one. Moreover,
the simulation results prove the principles of flux control and
the potential to increase back-EMF and speed control range
in the prototype.

a)

a)
b)
Fig. 6. Topology comparison. (a) 3-D FEModel-I. (b) 3-D FEModel-O.

b)
Fig. 8. Air-gap flux density. (a) 3-D FEModel-I. (b) 3-D FEModel-O.

a)

Fig. 7. 3-D air-gap normal component flux density distribution and
magnetic fluxes m, ip of magnets and iron pole components respectively.

Figure 8 shows the air-gap magnetic flux distribution and
the mean value of magnetic flux density over the magnets
and iron pole sections of the rotor for extreme values of
the DC excitation control coil current.

b)
Fig. 9. Electromagnetic torque comparison by 3-D FEA. (a) 3-D FEModelI. (b) 3-D FEModel-O.
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techniques, e.g. [18]–[24], should be used and developed.
V. CONCLUSIONS
In the paper, a new approach to optimization and the 3-D
FEA-analysis of the novel ECPMSM machine have been
presented. Through the use of the new optimization tool
GOT-It, it was possible to set up the optimization problem
easily and quickly, and to find the best configurations of the
machine, according to the presented design objectives and
the associated constraints. By employing the presented
simulation model in the time-stepping 3-D FEA, the online
magnetization characteristic and the relationships between
the main design parameters and the performance
requirements of the machine have been established. The
back-EMF, the torque output, and the cogging torque
components have also been successfully analysed.
According to 3-D FEA results contained in table II, it can
be concluded that, in the optimized ECPMSM machine,
a field-weakening ratio of 3.3:1 and higher can be effectively
obtained. Moreover, the results show that the proposed
machine can offer effective online flux control and a wide
constant-power speed range, without any negative effects of
current injection.
From the presented comparison between the experimental
results and the results achieved from the 3-D FEA
simulations of the machine, using an advanced coupling
technology computation method, has revealed a satisfying
level of accord.
By optimizing the shape and position of the PMs and
the iron poles in the rotor, the performance of the proposed
machine has been improved even further, making it more
suitable for EV applications.

a)

b)
Fig. 10. Cogging torque comparison by 3-D FEA. (a) 3-D FEModel-I.(b)
3-D FEModel-O.

When compared to the initial model, the optimal 3-D
FEModel-O displays an increased sensitivity to changes in
magnetization level. The air-gap magnetic flux density in
front of the iron pole changes its direction and magnitude in
a dynamic manner (Bip), depending on the direction of
the DC excitation control coil current. Since the PM
magnetic fluxes change slightly (Bm) with the excitation
control coil current, the total flux in the air-gap alters with
the direction of the field current and the magnitude.
The maximum range of flux control can be achieved if
B2 tends towards zero. The maximum value of B1 means
a significant strengthening of magnetic flux. In general, it
can be assumed that the ratio of B1 to B2 determines
a field-weakening ratio.
The predicted electromagnetic torque values and
characteristics of the 3-D FEModel-I and 3-D FEModel-O
as a function of the DC excitation control coil current are
shown in Fig. 9 and Table II. As can be observed in these
characteristics, electromagnetic torque in the 3-D
FEModel O shows an increase of approximately 40 % at full
magnetization level and a decrease of approximately 30 % in
the state of weakened field compared to the 3-D FEModel-I.
Furthermore, Fig. 10 shows the cogging torque versus
rotor position characteristics. The results reveal
the disadvantage of rising air-gap field harmonics and
increasing values of the cogging torque at full magnetization
level of the optimized topology of ECPMSM machine. This
may result in an increased torque ripple of the machine.
Thus, in order to reduce the air-gap magnetic field
harmonics for ripple torque minimization, various
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