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Abstract—This paper presents a comparison between
a Double Excitation Synchronous Machine (DESM) and
a Permanent Magnet Synchronous Machine (PMSM).
Optimal designs of both machine types are compared
regarding different constant power speed ranges (CPSR).
The optimization objectives are to minimize the active
material cost and losses. Results show that the DESM is
more advantageous over the PMSM counterpart in loss
saving at a wide CPSR, and the PMSM is capable of
reducing the machine cost.

Index Terms—Constant power speed range, double ex-
citation, electric vehicle, optimization.

I. INTRODUCTION

A Double (or hybrid) Excitation Synchronous Ma-
chine (DESM) is constructed based on a combina-
tion between a permanent magnet synchronous machine
(PMSM) and additional field windings [1]-[3]. The pur-
pose behind is to bring together advantages of a PMSM,
which are high power density and high efficiency, and a
good capability in air-gap flux control of a wound field
synchronous machine. This advantage seems to make
the double excitation machine type a very interesting
candidate for transportation applications, where variable
speeds are usually required. Having a machine using
additional field windings, however, would result in a
complex geometry, and performances of existing per-
manent magnets (PMs) might be weakened in certain
prototypes [4]. In addition, using field windings is an
effective solution to reduce the air-gap flux. However, at
the same time a torque reduction would occur. Therefore,
the air-gap flux control in a double excitation machine is
a complex issue. Specific comparisons between DESM
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and PMSM types according to different prototypes and
applications will help designers have a proper design. To
the authors’ knowledge, unfortunately, such comparisons
seems to be scarce in the literature, even though there has
been massive research efforts for each machine type in
transportation applications, such as [5]-[8] for PMSMs,
and [9]-[11] for DESMs.

This paper aims at comparing a DESM and a PMSM
according to various ranges of speed. The main reason
behind is to target directly the flux controlling capability,
which is claimed to be the key feature of a double
excitation machine. The comparison result is expected
to give a base to decide in which circumstances, using
DESMs is more beneficial over the PMSM counterparts
regarding the machine cost and losses.

Aiming at a fair comparison, the PMSM model is de-
rived by removing some parts from the DESM. Optimal
designs of both machine types are compared by using
multi-physics models. The objectives are to minimize
the active material cost and total losses at the base and
maximum speeds. The work is organized as follows:
Section II presents a multi-physics model that mainly
contains a coupling between electromagnetic and thermal
models. Section III addresses the optimization approach..
Section IV analyses the comparison results followed by
a conclusion.

II. MULTI-PHYSICS MODEL

The DESM prototype is shown in Fig. 1(a) [12] with
two global field windings. The corresponding permanent
magnet type is displayed in Fig. 1(b) by removing
some parts from the DESM model. Machine parameters



are detailed in the appendix section. Flux paths in
the DESM model are truly three dimensional (3-D) at
some positions; therefore, the 3-D finite element method
(FEM) is usaully required to obtain highly accurate
results. This method, however, substantially increases
the computation time, and it is not practical for the
optimization process. In this paper, the electromagnetic
model is performed by a generalized equivalent magnetic
circuit network (EMCN), which is detailed in [13].
The thermal model is accomplished by using a lumped
parameter thermal network. In order to more accurately
calculate the total losses, mechanical and inverter losses
are also computed.

A. Mechanical and inverter losses

1) Mechanical model: Two types mechanical losses
presented in an electrical machine are the windage loss
in the air gap, which is due to the rotor’s rotation, and
the friction losses in the bearings. A proper calculation
of these losses not only help designers have a more
accurate value of machine’s efficiency but also provide
heat sources input to the thermal model. According
to [14], the windage loss of a cylinder rotating in a
concentric cylinder is computed based on the following
assumptions: No axial flow exists, the gap is small
compared to the radius and axial length, and the air in
the gap is homogeneous.

With those assumptions, the windage loss is calculated
as (1):

Wiindage = TCapR*w’L (1)

where p is air density in the air gap [ke/m>], R is average
air-gap diameter [m], w is rotor angle speed [rad/s], L
is axial length [m], and Cj is skin friction coefficient.

The friction coefficient Cy; is defined as (2a) for the
laminar flow, and (2b) for the transition and turbulence
cases.
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In a rotating machine, two bearings are usually located at
the driving and non-driving ends. The friction losses in
the bearings is apparently subject to rotor’s properties
(the rotating speed and rotor weight) and bearing’s
properties (the bearing size and friction coefficient). With
a bearing using lubricant oil, after a certain time in use,
the friction coefficient increases due to the lubricant oil
deterioration. It is, therefore, complicated to obtain an
accurate calculation of this friction loss. According to
SKF (a bearing manufacturer), the bearing friction losses
can be computed by (3):

Whearing = 0.525 - 10~4Pdn 3)

where p is friction coefficient, P is equivalent dynamic
bearing load [N], d is bearing diameter [mm], and n is
rotating speed [rpm].

2) Power electronics model: The three-phase inverter
topology using pulse width modulation (PWM) is shown

in Fig. 2.
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Fig. 2. Three phase inverter topology

The calculations of the inverter losses are fundamen-
tally based on the sinusoidal load current assumption.
Moreover, a linearized loss model is assumed. The
switching loss energies F; is linearized given by (4a),
and the conduction losses P, for a single semiconductor
is calculated by (4b) [15].

v

By=Ey- - (4a)
Vrref lref

Po=Vy-iy+7-i2 (4b)

where:
E, is rated switching loss energy given for the reference
commutation voltage and current V,..; and i,qy
V, and i, indicate the actual commutation voltage and
current, respectively
Vo and r are semiconductors threshold voltage and
differential resistance, respectively.

The conduction loss in each IGBT and each free-
wheeling diode are expressed by (5a) and (5b), respec-

tively.
Vegt TA repiz (w24
Pcon,I - (;]j_‘_L <1 + T) + (;LTI_L <Z + ?) (53)
Vi, TA T’F%% T 24
P, =—(1-— el [ pp—
conD = Tor ( 4 ) T 173 (5b)
where:

i1, peak load current
A = M cos¢, M is modulation index, and ¢ is the
displacement angle between the load current and the
fundamental component of the phase voltage
Vee, rce and Vg, rg: threshold voltages and differential
resistances of the IGBT and diode, respectively.

The current supply principle for a field winding is
shown in Fig. 3.
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Fig. 3. DC-DC converter for field windings

The switching losses of the MOSFET and diode are
expressed by (6a) and (6b), respectively.

Powmosrer = (Eon + Eorr) - fs
Psw,diode = er . Vd . fs

where Eon and Eofr are on and off switching energies of
the MOSFET, f; is switching frequency, @, is reverse
recovery charge, and Vj is knee voltage of the diode.

The conduction losses of the MOSFET and diode are
expressed by (7a) and (7b), respectively.

(6a)
(6b)

(7a)
(7b)

2
PeonMOSFET = TCE * 1§ s

Peon.piode = TF - I]%rms + Vko - (1 = D)Zf

where rcg and rg are differential resistance of the
MOSFET, Ig iy is rms value of current flowing through
the MOSFET, D is duty cycle, and Vgp is threshold
voltage of the diode.

B. Lumped parameter thermal network analysis

A lumped parameter thermal model is to benefit from
the fast computation while maintaining a good accuracy
for overall temperatures. The thermal network is shown
in Fig. 4, which is capable of considering the transient
process by introducing thermal heat capacitors.
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Fig. 4. Thermal network. Thermal resistances: Rfeld-yoke - between
field winding and outer stator yoke, Rend-ficld - between armature end
and field windings, Rend-aciive - between armature end and active parts,
Rend-rotor - between armature end winding and rotor surface, Rphase-teeth
- between armature active winding and stator teeth, Raigqp - air gap,
Rbearing - bearing. Losses: Feur - field winding copper losses, FPeup
- armature copper 10ss, FPions1 - outer stator yoke core 10ss, Pions2
- inner stator yoke core loss, Pions3 - stator teeth core 1oss, Pionr -
rotor core loss

As it can be seen in Fig. 4, two types of thermal
resistance are presented: one uses a simple coefficient,
and the others need empirical coefficients. The first type
can be easily computed based on the object geometry,
while the second one is more challenging, and the
coefficients based on experiments or design experiences
are usually required. All of thermal coefficients and
experimental validations are detailed in [4].



III. OPTIMIZATION APPROACH
A. Optimization problem formulation

The optimization objectives are to minimize the ma-
chine’s active material and the total losses at two operat-
ing points, which are the base (£2;,) and maximum (£2,,,)
speeds. {2, is actually the maximum achievable speed.
At this speed, the produced torque should be close to
zero as shown in Fig. 5.

A

Torque

Speed
Q m

0 Qp
Fig. 5. Two operating points for optimization

The constant power speed range (CPSR) is character-
ized by a ratio y between the maximum and base speeds

given by (8).
Qm

’Y:Q—b

The optimization problem is formulated as (9).

®)

Total losses
Cost
s.t. Viax < 150 [V]

Omax < 155 [°C]

T =T [Nm]

Q= Q" [rpm]

mini)&r'nize f(X) = {
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where Vi.x and 6p,x are maximum allowable voltage
and winding temperature, respectively. T' and €2 are the
machine torque and speed, 7™ and 2* are required torque
and speed.

With the DESM type, nine geometry variables are
chosen for the upper optimization level as marked in
Fig. 6. With the PMSM type, only six variables =, x4,
s, Tg, r7 and xg are used.

The width of the field winding windows are fixed,
and the field windings are allowed to only change their
heights (z3). In case the optimal solution does not prefer
to use field windings, z3 approaches zero. In order to
avoid computation errors, the lower limit of x3 is set to
0.05 mm. Variable ranges are summarized in Table. 1.

B. Bi-level optimization approach

In order to handle the optimization, a bi-level approach
is used. The lower level is to find the optimal control

TABLE 1
GEOMETRY VARIABLE RANGES

Variable Description Range [mm]  Prototype [mm]

1 Stack length 30 + 60 40
T2 Bridge thickness 312 7
T3 Field winding height 005 -9 9
Tq Tooth width 305 5.5
s Tooth length 10 = 25 16.5
Te Azimuth PM thickness 4.5 = 10 6
X7 Azimuth PM length 10 = 32 24
T8 Shaft radius 10 = 20 17
To Side PM thickness 3+10 6

set to minimize the total losses at each operating point.
The upper level is to find machines with the lowest
cost and smallest loss (found in the lower level). This
approach implies that the lower level is a mono-objective
optimization (only minimizing the total losses), and
all constraints are dealt with at this level. Due to the
presence of field windings in the DESM, three control
variables representing field and armature currents are
set. Whereas with the PMSM configuration, only two
variables representing the armature current are presented.
The upper level is a unconstrained multi-objective opti-
mization. In this research, both optimization levels will
use particle swarm optimization (PSO) technique [16],
[17].

IV. RESULT AND DISCUSSION

The machine cost is calculated based on normalized
values by assuming unit cost (cost per kilogram active
material) are 1, 6 and 7 for iron, copper and ferrite
permanent magnet (PM), respectively [18]. The loss is
the sum of the copper losses, core losses, and power
electronics losses at the base (1547 rpm) and maximum
speeds.

Targeting the flux controlling capabilities of both
machine types, different CPSRs (i.e. different v ratios)
will be examined. In this research, three values of ~
ranging from 3 to 5 will be evaluated.

Fig. 7 shows the comparison between optimal pareto-
fronts of the two machine types.

As revealed in Fig. 7, the DESMs are capable of
reducing the total losses compared to the PMSMs. This
advantage is more obvious when increasing . This
is due to the good flux weakening capability of the
DESMs using two available options by field and arma-
ture windings, while a PMSM can only use negative
d—axis currents from the armature windings. Strong
field weakenings with a PMSM requires highly negative
d—axis currents; therefore, increasing much the copper



Fig. 6. Geometry variables: x; - stack length, x> - bridge thickness, z3
- field winding height, x4 - tooth width, x5 - tooth length, z¢ - azimuth PM thickness, x7 -azimuth PM length, xs - shaft radius and xg -
side PM thickness.
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loss and possibly lead to a thermal limit violation as
well. But using additional field windings, and moreover
bigger volume would increase the machine cost as shown
in Fig. 7 that DESM costs are higher in comparison
with the ones of the PMSM type. In addition, PMSM
machine type finds it difficult to reach very high speeds
(partly proved as a limited number of machine found
when v = 5 as in Fig. 7c)). In each case of + and

(e) ()

machine type, a machine at the middle of the pareto-
front is extracted and shown in Fig. 8

Fig. 9 shows the field winding thickness (of the DESM
type) variation along the pareto-front in the direction of
increasing the total losses. As it can be seen, in order
to reduce the total losses, a double excitation machine
prefers to use more field windings.

Optimal current controls are shown in Fig. 10. Several
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remarks would be observed:

1) A PMSM only uses the d—axis current to reduce
the air-gap flux; therefore, a big amount of this
current is required. Whereas with double excitation
principle, a DESM can use both d—axis and field
currents. As a result, it offers a good opportunity
by a certain combination between these two cur-
rents to minimize the total losses.

2) There is no clear pattern for the trend of the
current control in a DESM, and noises might be
presented due to the combination of armature and
field currents, since certain combinations might
lead to a same or almost the same optimum.

3) DESM machines tend to use the field current to
control the air-gap flux.

V. CONLUSLION

A comparison addressing the total losses and active
material cost minimizations between a classical PM and
double excitation machines has been presented. The
comparisons was done at different speed ranges. The
total losses were computed at the based and maximum
speeds. DESM machines, with more complex structures
due to the additional field windings, can provide flexible
combinations between armature and field currents. This
makes them capable of reducing the total losses at
an expense of a bigger volume and more cost. The
advantage of the field windings is more noticeable at
very high speed, where a PMSM has to struggle keeping
a low air-gap flux. In a perspective, a more elaborate
comparison between these two machines on a specific
application will be carried out.

APPENDIX
See Table. II.

TABLE 11
DESM PROTOTYPE CONFIGURATION

Parameters Value
Number of phases 3
Number of turns per phase 33
Number of turns per field winding 150
Number of poles 12
Machine 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 04 T (ferrite PM)
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