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Abstract: This paper introduces a new concept for inte-
grated electrical motor drives (IEMD) with the aim of min-
imizing the number of inverter’s power switching compo-
nents. The latter is switched reluctance motor (SRM) based.
The control strategy is jointly designed, inspired by Fly-
back power supplies operating at very high frequencies. A
simple case study on an 8/6 SRM has been carried out. The
study enables to highlight most challenging problems that
have to be overcome in future works: overvoltages during
switching due to the flux leakage, and the efficiency of the
magnetic material constituting the machine at high switch-
ing frequencies. This concept turns out to be an interest-
ing basis for a very advanced integration of the switching
structure within electrical machines.

Keywords: Electrical conversion, Electrical motor, Con-
verter integration, polyphase motor.

PACS: 84.50.+d, 84.32.Dd

1 Introduction

The need for more and more compact embedded electri-
cal applications has led to the emergence of electrical mo-
tors with integrated variable speed drives. These "smart"
machines would have many advantages, both in terms of
electromagnetic compatibility (EMC) and usage flexibility.
They would also significantly increase the power-to-mass
ratio of electric actuators. However, integrating power elec-
tronics components as close as possible to an electrical ma-
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chine is not an easy task, because inside an electrical ma-
chine is a very disturbed environment: strong electric and
magnetic fields can occur, temperature conditions are way
beyond power electronics standards and the drives may
be subjected to unusual mechanical vibrations and stress.
The integration process cannot be taken any further with-
out rethinking about the switching structure [1, 2]. An ele-
gant and efficient solution is to use structures with fewer
active components to facilitate their integration.

This is henceforth the objective of our study which pro-
poses to use a structure inspired by a Flyback converter
that transfers energy through a transformer using a single
active component associated with a diode in its simplest
structure [3]. In the case of an electrical machine, the ro-
tating magnetic circuit may be seen as transformer whom
various coils act as primary and/or secondary windings.

In the first part, we will describe in detail the new
structure, its operating principle, and highlight potential
advantages. An application example based on an 8/6 SRM
has been investigated. Then, in the second and third parts,
the first simulation and experimental results will be pre-
sented as this study is still in an explanatory stage. Results
provide however the understanding how the functioning
and suggestions for future works.

2 A New Concept for IEMD

2.1 Distributed converter and elementary
switching cells

In the design that we propose to study, rather than a
usual centralized power electronic conversion structure
that feeds all coils via a conventional multiple-phase cou-
pling, the conversion structure is distributed to each of the
machine’s coil. This distributed inverter’s architecture al-
lows the use of elementary switching cells for each coil, sig-
nificantly reducing the constraints that apply to the latter.
This elementary cell includes, as shown in Figure 1, two
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Figure 1: Elementary switching cell supplying an electrical ma-
chine’s coil

terminals dedicated to energy transfer (A and B) and two
terminals dedicated to cell control (c and d).

2.2 Structure and operating principle

The original principle of a Flyback converter is to transfer
energy through a transformer with two steps. During the
first step the electrical energy is transmitted to the mag-
netic circuit through a primary winding and is stored in
an air gap allowing not to saturate the magnetic material.
In the second step, the energy goes to the load via a sec-
ondary winding [3]. The flux continuity in the magnetic
circuit is guaranteed by the switching of a controllable
component at the primary and a diode at the secondary.
This structure makes it possible to easily vary the power
transmitted to the load and the presence of the transformer
allows to have large difference between primary and sec-
ondary voltage without reducing the efficiency of the con-
verter.

The structure of SRM is quite close to a transformer
with two coils placed on two opposite stator teeth and sep-
arated by the rotor which ensures the circulation of mag-
netic flux between them (Figure 2). These two coils are con-
ventionally connected in series or parallel. Nevertheless, it
is possible to consider them separately as the primary and
secondary of a transformer. We then obtain the new struc-
ture of integrated converter which is a reversible Flyback
converter, whereby the role of the demagnetizing diode is
performed by a current reversible MOSFET which must be
controlled in a relevant manner.

The operating principle relies on two mains assump-
tions:
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Figure 2: The new structure for integrated converter in SRM using
simplest elementary switching cells in each coil.

— the magnetic coupling of the primary and secondary
coils is perfect,

— there is no hysteresis phenomenon within the mag-
netic material.

Then, the system’s functioning can be described as fol-
lows:

— In the first phase, Coily; is powered by T;, which
increases the flux linkage ¢. This phase consists of
magnetizing the magnetic circuit by Coily; .

— Inthe second phase, T, is activated while T; is being
switched off. The flux ¢ then continues to run in the
same direction, but decreases under the control of
Coily,. In the Coily,, a current is induced, passing
through T, and goes back to the supply, retrieving
energy. This phase is the demagnetizing phase of the
circuit by Coily, and completes a switching period.

Then come the moment when the magnetic circuit is
completely demagnetized, the current in Coil > is reversed
under the effect of the voltage supply. The current in Coil,
increases, magnetizing the machine in the opposite direc-
tion. Phenomenon acts exactly as same as before, except
that the magnetic flux through the two coils is reversed.
The operating principle can also be illustrated in the fol-
lowing diagram (Figure 3).

In this diagram, the functioning is described for the
interval between 6, and 64, i.e. successive unaligned and
aligned positions of the rotor’s pole with regards to the sta-
tor’s pole. While the rotor rotates an angle 6, — 8y, a large
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Figure 3: Functioning diagram.

number of switching periods should take place. As the
magnetic flux through each coil reverses, switching com-
ponent in series with the coil should also be capable of sup-
porting reversed current. Otherwise, since the flux must
remain continuous, T; and T, must therefore be ordered
with a slight stacking of one on top of the other to ensure
smooth operation of the whole system. It is noteworthy
that unlike the traditional Flyback converter, during the
SRM’s energy conversion cycle, the magnetic flux’s mag-
nitude increases as the machine’s reluctance decreases.

Now, we will discuss how electromagnetic torque can
be created with regards to the proposed structure and func-
tioning principle. In order to illustrate the torque creation
principle, in Figure 4 we graphically represent the SRM’s
energy conversion cycle.

Knowing that electromagnetic torque is linked to the
magnetic co-energy in the machine by the following ex-

pression:
_ 0We

r 00

@)

i=constant
Whereby:

I': electromagnetic torque [Nm)]

Wco: magnetic co-energy [J]

0: rotor’s position [rad]

i: phase current [A]

The created torque in this control strategy depends
on the magnetic co-energy set up during one energy con-
version cycle, represented by the dotted areas (Figure 4).
It is noteworthy that the total surface areas of generated
magnetic co-energy in this functioning principle is theo-
retically exactly equivalent to that of a conventional oper-
ation [4, 5].
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Figure 4: Principle of torque creation with this proposed converter
and functioning principle.

- Firstly, T; conducts. The current through T; in-
creases rapidly to its maximum value Imax, while
the flux linkage ¢ increases rather slowly since we
are still near to the unaligned position. The working
point moves from the point O to the point A (Fig-
ure 4). The current through T; is maintained con-
stant during a small interval during which the ro-
tor rotates a little angleAd, the working point then
moves to B.

— Secondly, at the point B, T; is switch off. Here begins
the demagnetization phase carried out by Coily,.
The current through T, is negative and decreasing
until the point O. At the point O, the current re-
verses and the flux linkage goes to the opposite di-
rection. This is the magnetizing phase carried out by
Coily, until C. As the rotor rotates, the flux linkage
increased from the point C to the point D.

The whole process repeats again and again, but the
flux linkage’s magnitude becomes stronger and stronger
until the rotor reaches the aligned position. Beyond the
aligned position, all T, and T, are switched off so as not
to create reverse torque.

2.3 Possible advantages of the concept

Several advantages may be offered by the concept:
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— The extreme simplicity of the structure allows for the
integration as close as possible of switching compo-
nents to the coil. On the one hand, this provides ob-
vious advantages in terms of EMC since the wire con-
nection between the converter and the motor is re-
duced to the shortest possible length. On the other
hand, this allows the conversion function to be inte-
grated deep into the electrical machine for achieving
increased power density.

— This functioning principle is very distinguish to the
most common SRM’s functioning, because this con-
cept exploits bidirectional phase currents and mag-
netic flux linkage [4, 5]. By the way, further works
are pursued in order to clarify its worthy interest
in terms of reducing torque ripple, vibrations, and
noise.

— For the machine’s isolation system (EIS), this con-
cept may bring some interests. Unlike the config-
uration of coils connected in series in one phase
where possible non-homogeneous overvoltage dis-
tribution may take place in different coils. In this
structure, each coil is supplied independently, the
voltage constraints (ex. PWM switching) applied to
the isolation materials should be limited and identi-
cal for all coils.

— With this type of elementary switching cells, we can
envisage the control system that does not use gal-
vanic isolation. And there would be a single com-
mon neutral point for the power part and for the con-
trol part.

2.4 Challenges for the implementation and
possible solutions

2.4.1 Overvoltage due to the leakage flux*

The main problem of this structure will come from leaks
in the imperfect coupling between primary and secondary
(first assumption). Indeed, the leakage flux cannot be
demagnetized and will create significant overvoltage to
the MOSFET during switching. Figure 5 explains the phe-
nomenon [6, 7].

The more this leakage flux increases, the higher the
overvoltage AV becomes. It is fundamental to take into ac-
count this phenomenon in this case since the rotor’s ro-

1 The definition of leakage flux here is linked to the coupling of the
primary and secondary windings in the Flyback converter. This is
henceforth to be distinguished from the stator-rotor leakage flux.
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Figure 5: Switching overvoltage due to leakage flux.

tation will significantly modify the flux distribution and
hence the coupling between the primary and secondary
windings.

Three solutions are possible to deal with this overvolt-
age. The first possibility is to use MOSFETs sized for sup-
porting high voltages. The second one is to dissipate this
overvoltage in a Zener diode (Figure 6a). Finally, the last
one consists of using a clamp circuit (Figure 6b) [8].

2.4.2 Efficiency of magnetic material at high frequencies

In this operation, the magnetic material is magnetized
and demagnetized at very high frequencies. The perfor-
mance of electrical machine is directly dependant on the
efficiency of the magnetic material at these high frequen-
cies. The potential challenge will be to design the magnetic
core constituted by suitable ferromagnetic or ferrite materi-
als, capable of working efficiently at very high frequencies.

3 Case Study on Integrated
Converter into an 8/6 SRM

3.1 Simulation results

This integrated converter has been implemented into an
8/6 SRM, constituting our first case study of the new con-
cept.

Finite elements (EF) modelling of the magnetostatics
phenomenon inside the machine has been carried out in
order to evaluate the magnetic coupling between coils (Fig-
ure 7). The 8/6 SRM turns out to be an 8-phase machine
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Figure 6: The avoidance of overvoltage phenomenon by using (a)
Zener diode; (b) clamp circuit.
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Figure 7: EF modeling of the machine showing the coupling between
two opposite coils at the aligned position.

with 8 separated stator coils. The machine has the rated
current of 4A and the rated voltage of 200V.
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Figure 8: Self- and mutual-inductances in an 8-phase machine.

The coupling between Coil; and Coily, is represented
by the mutual inductance My,41, Which is much smaller
compared to the self-inductance of Coilyq, Lg1. This im-
plies that we should obtain very important overvoltage
over switching components.

However, we may observe in the Figure 8 that, the sum
of the three inductances Mg241, Mp141, @and My, 41 should
cover almost the self-inductance L, . That suggests us the
possibility to use not only Coil, but also Coilg; and Coilp,
(Figure 7) in order to demagnetize the circuit of Coily;,
which would also be possible with this structure.

3.2 Experimental investigation and results

In this part of the article, experimental results will be pre-
sented and discussed. To demonstrate the concept of re-
versible Flyback converter and its first challenge of over-
voltage mentioned in the previous sections, the experimen-
tal tests have been carried out.

Two configurations of elementary switching cells can
be considered: 1. stator mounted elementary cells; 2. rotor
mounted elementary cells. In the first one, each of stator
coils is connected to an elementary cell containing a MOS-
FET component as shown in Figure 9. That covers the idea
of integrating power converter components within the ma-
chine. Then test can be done through two opposite stator
coils.

In the second one which is performed in this study,
two coils are manually reeled up in 65 turns; these two
coils are inserted around two opposite rotor’s teeth instead
of the stator’s teeth to create the necessary varying mag-
netic flux linkage, Figure 10; and one electronic active com-
ponent MOSFET is used for each cell where it is connected
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Figure 9: Electronic components integration to stator coils.
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Figure 10: Electronic components integration to rotor coils.

directly to the ends of the coil to cover the integration idea,
so that first coil will act as primary Flyback converter and
the second will act as the secondary.

In the first step, the ends of primary side are connected
to DC supply of 10V value, where the secondary ends are
connected to a resistor of 33Q value. The shaft is blocked
against any produced torque; hence one can test the level
of overvoltage that may occur.

Figure 11a-b illustrates the results of overvoltage level
from two tests at two different frequency values. First one
is carried out at 1 kHz and the second one at 5 kHz. Results
show that the level of overvoltage is saturated and is about
ten times of supply voltage. Nevertheless it is always in the
tolerable limits of the used components.

Thus by using a competent sized for high voltage level,
the new concept of control can be used if avoidance of
overvoltage phenomenon it is guaranteed. As already men-
tioned, such approaches can be carried out through using
Zener diode, clamp circuit or high voltage range compo-
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Figure 11: Overvoltage level at (a) 1 kHz, (b) 5 kHz.

nents. Hence that opens the possibility door of further re-
search and development to be continued. The use of active
circuits is also an interesting possibility, it will neverthe-
less be necessary to carefully adapt the chosen method to
the considered machine.

4 Conclusions & Future Works

This paper has presented a novel concept for integrated
converters and drives in electrical machines. This con-
cept has the simplest converter’s structure with only one
switching component per phase, enabling a deeper inte-
gration electrical motor drives for achieving lower electro-
magnetic emissions, and increased power densities.

The operating principle is discussed in detail show-
ing the torque creation principle. The concept is firstly im-
plemented into an 8/6 switched reluctance motor. Simula-
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tion and experimental investigations are carried out, con-
sidering possible difficulties in the implementation such
as switching overvoltage. Further works both in the theo-
retical and experimental plan are being pursued so as to
entirely implement the concept and specify all worthy ad-
vantages that it may offered. It is obvious that a complete
thermal study will be required to implement this method
in a motor. The results obtained with the first running pro-
totype will be published soon. A more complete study of
the advantages of this new concept will then be presented
by comparing it with other equally promising solutions [9].
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