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Abstract—This paper presents a hybrid excitation synchronous
machine which combines a permanent magnet excitation with a
wound field one. With two sources of flux, this kind of machines
is cited more and more frequently in vehicle application for
easier control of flux. After a brief description of the structure,
some methods will be presented to improve the performances of
this machine. Simulation results have shown that the armature
reaction has a magnetizing effect when it enters in a pole face
and a demagnetizing effect when getting out from the same pole,
which distorts the main field and to some extent deteriorates the
performances of the machines. The methods we present here are
based on the principle of armature reaction compensation which
might be extended to many synchronous machines. And then, in
the last section, a general optimization tool (numerical design of
experiments and optimization) is used to maximize the impacts
of these methods.

[. INTRODUCTION

Synchronous machines have many interesting properties
which may be used in the hybrid vehicule applications.[1]-[2]
The ability these machines present for controlling the rotor
magnetic flux is a good advantage for speed control. This
paper presents the machine which we investigated and some
improvements of the electromechanical characteristics of the
machine. In the sizing phase, we have investigated the flux
path of the armature reaction which sweeps the pole surface
in such a way that it reinforces the main field on one side
of the pole and weakens on the other side. We have been
inspired by the compensating windings in the DC machines
and introduced these ideas in our machine. Based on the same
principle, the armature reaction compensation, a progressive
air gap and the slits in the poles present also some promising
results.

II. MACHINE DESIGN

The machine presented herein is a motor /generator for hy-
brid vehicle application. Its original structure is a wound rotor
with interpolar magnets (Fig.1). The windings are supplied
in such a way that the resulting flux opposes the flux of the

TABLE I
PRINCIPLE CHARACTERISTICS

Description H Value ‘

Pole pairs 6

Slot number 54
Fractional pitch 8/9
Active length (mm) 240
Iron diameter (mm) 200
Base speed (rpm) 3000
Permanent power (kW) 40

Permanent
magnets

/ 'm.;?a.gs

Fig. 1. Hybrid excitation machine

magnets in the interpolar regions. Thus, for flux weakening, it
is efficient to reduce the excitation current. An optimum exists
for the percentage of flux generated by the magnets and by
the windings for the purpose of loss minimization. The main
characteristics of this machine are presented in Tab.I.

A chorded winding is used in order to reduce the torque
ripple and some harmonics.
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Fig. 2. Armature magnetic reaction

III. COMPENSATION FOR THE ARMATURE
REACTION

In synchronous machines, the torque is produced by the
interaction between the main field and the armature field. The
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Fig. 3. Flux density along the air gap @ 3000 rpm under load
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Fig. 4. Location of the compensating magnets

latter sweeps the pole faces in an almost constant way as
presented in Fig.2.

As is shown in Fig.3, the flux density curve becomes
asymmetrical along the air gap due to the armature reaction
which has a magnetizing effect when it enters in a pole
face and a demagnetizing effect when getting out from the
same pole, which distorts the main field. The flux per pole
remains unchanged if the machine does not saturate. But
if saturation occurs, the net flux per pole will be reduced
and the electromechanical characteristics will also be less
important.[7]

In this section, we present three methods to reduce or
eliminate this effect. [3]-[4].

A. Compensating magnets

Similarly to the electrical circuit used in the DC machines,
we introduced in our application permanent magnets in the
rotor. The magnets placed in the pole faces are conveniently
oriented with respect to the orientation of the armature reaction
(Fig.4).

Fig.5 and Fig.6 illustrate the compensation principle by
showing separately the flux of compensating magnets and its
superposition with the flux of stator currents.

Simulation results (Fig.7) show that the torque at the base
speed has been increased by about 7%. The flux density is
improved around the demagnetizing side of the pole (Fig.8),
which contributes to the increase of the fundamental (Fig.9)
and also to the increase of the torque.

TABLE 11
TORQUE FOR DIFFERENT ARMATURE CURRENT DENSITY

T, (A/mm?) 5 10 5

- magnets - magnets - magnets
I' (N.m) 180 191 291 352 330 456
T (kA]m) - 242 n 378 - 446
T, (A/mm?) 20 % 30

- magnets - magnets - magnets
I' (N.m) 351 534 365 594 378 640
H (kA]m) - 569 - 686 - 736
I, (A/mm?) 35 40

- magnets - magnets
T (N.m) 390 | 676 | 403 | 706
T (kA]m) - 768 5 799
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Fig. 5. Compensating magnets only

Besides, the compensating magnets present another inter-
esting phenomenon when we increase the armature current
density from 4A/mm? to 40A/mm? above which the demag-
netization risk becomes serious. Simulation results have shown
that the torque at the base speed has been practically doubled
with the compensating magnets when armature current density
reaches 40A/mm?.

The remarkable difference between the two curves shown
in Fig.10 (Tab.Il) can be explained by the fact that a higher
current density causes more important armature reaction and
local saturation in the machine, for that reason the impact
of the compensating magnets becomes more important ex:
at 40A/mm?.This fact is useful for the vehicle starting up
because a very high torque is required for a short period of
time.

This impact of the compensating magnets occurs in one
rotation direction only. As in our application, the hybrid
vehicles, one rotation direction plays the prominent part in
the whole cycles.

The effect of the compensating magnets is positive in
generator mode as well as in motor and stator mode. The
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Fig. 6. Effect of the compensating magnets on the armature reaction
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Fig. 7. Comparison of torque @3000rpm

output, the current through a full wave bridge rectifier of six
diodes, has been increased by about 6% at 3000 rpm (Fig.11)
and 5% at 6000 rpm. As we can see in the Fig.12, the flux
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Fig. 8. Impact of the compensating magnets
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Fig. 9. FFT of the flux density along the air gap @30007pm under load
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Fig. 10. Torque for different armature density

density has been increased locally by 0.14 Tesla which is not
negligible for the machine performances.

The compensation impact has been tested for different load
angles as in Fig.13. The intersection of the two curves can
be explained by the fact that the compensating magnets are
designed for a pre-selected load angle, ie the optimal angle in
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Fig. 12. Flux density along the air gap with/without compensating magnets
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B. Progressive air gap

Because of the armature reaction, an asymmetry is created
gap because one side of the pole is more saturated

in the air
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Fig. 13.  Compensation impact for different load angles
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Fig. 15. Comparison of torque @3000rpm for progressive/constant air gap

than the other. In order to break this asymmetry, a variable air
gap is adopted in which the air gap of the more saturated side is
enlarged and the other one is reduced, meanwhile the average
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Fig. 16. Comparison of flux density for tangential/constant air gap

Fig. 17. Slit in the pole

air gap remains unchanged. In other words, the constant air
gap of 0.6mm is replaced by a tangential air gap, the wider
side of which is 0.7mm and the smaller side becomes 0.4mm
(Fig.14).

As is shown by Fig.16, the flux density is increased nearly
all the way along the air gap except the most saturated point
that we have seen previously, which makes the flux density
in the air gap more homogenous. This reduction of armature
reaction impact leads to a torque increase by 6% and a lower
ripple rate (Fig.15).

C. Slits and magnets in slits

We have also tried to place slits with a width similar to
the air gap and one-third of the pole depth in the middle of
the poles to reduce the armature reaction (Fig.17). This kind
of methods has also been explored for claw pole machine
application in stator teeth [5] and in claw poles [6]. The slits
have several functions:

1) set obstacles to Eddy current in solid rotor machines;
2) reduce the armature reaction effect by making the flux
path longer: the introduced slits lead to a permeability
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Fig. 18. Comparison of flux density with/without slits
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Fig. 19. Parameters for optimization

change and thus the armature reaction has to bypass the
slits;

3) provide the possibility to receive eventually a compensat-
ing device, like permanent magnets.

The flux density comparison is shown in Fig.18.

IV. NUMERICAL DESIGN OF EXPERIMENTS AND
OPTIMIZATION

The general optimization tool (GOT) which has been devel-
oped in Grenoble Electrical Engineering laboratory (G2elab)
has been used to optimize the structure, for example, in
section III-A the position and the size of the compensating
permanent magnets. GOT is a set of tools for the optimization
of electromagnetic structures based on intensive numerical
calculations which is called ‘the sensitivity study’. [8]-[10]
The major steps to optimize are:

1) Definition of the optimization problem (uni- or multi-
objective);

2) Definition of a ‘sensitivity study’ according to the param-
eter sets;

3) Detection of parameter influence, ie. a screening phase to
limit the computation time in case of a large number of
parameters to deal with;

4) Optimization with deterministic or stochastic algorithms
by response surface, ie. to establish the response surface
which includes as much information as possible on the
structure under study.

In our application, GOT is coupled with the finite elements
software FLUX which provides the information necessary for
establishing the response surface. The variable parameters are
described in Tab.IIl and Fig.19. The torque is less sensitive
to the thickness of the magnet which is fixed for economic
reason and for simplification.

The parameters in the response surface are represented by
their relative normalized values between [-1, 1]. A logarithmic
function is used for this normalization. The logarithmic func-
tion is represented by Lin(X,a,b) in Eq.1 with a, b for limit
values.

Da

pd

-10 10

Fig. 20. Response surface around the optimum point

The trend of response surface around the optimum point
is shown in Fig.20. The dimensions of the magnets after
optimization are given in Tab.IV.

The optimization can be realized for only one operating
point according to design needs. The process can be extended
to the optimization of the entire machine. In that case, more
variables and conditions will be concerned.

I' = 157364 3.02- Lin(Da,2,6)
—0.33- Lin(Da,2,6) - Lin(La, 1,6)
—0.3- Lin(La, 1,6)?
—0.22- Lin(La, 1,6)
—0.18 - Lin(Da, 2, 6)?
(D

V. CONCLUSION

Three principal methods based on the principle of armature
reaction compensation are presented in the previous sections,
which prove to be efficient to improve the characteristics of
the present machine at the base speed.

The principal advantage of using permanent magnets is to
save additional conductors and current control. Besides, the
machine with compensating magnets generates a higher torque

TABLE III
PARAMETERS FOR OPTIMIZATION

[ Parameter | Description [ Minimum | Maximum ]

La (mm) | Length of magnet 1 [ 6

Ha (mm) | Thickness of magnet fixed
Distabce between in-

Da (mm) | terpolar magnet and 2 6
compensating magnet

TABLE IV
OPTIMIZED DIMENSION OF THE COMPENSATING MAGNETS

[ Parameter | Value after optimization

La (mm) 4.4
Ha (mm) 2
Da (mm) 5.3
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than its counterpart when the armature current reaches certain
level, ie. when the armature reaction begins to be important.

Secondly, with a progressive air gap, we have obtained a
flux density curve smoother with weaker harmonic rate, which
helps to reduce the iron losses.

The third method provides the possibility to compensate
the armature reaction by the slits in the middle of the poles
coupled with magnets.

Nevertheless, these methods can be combined, which needs
further study.

An optimization tool (GOT) based on ‘sensitivity study’ is
used to maximize the effect of the three methods presented
previously. GOT can also be used to optimize the entire
machine.
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