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Abstract— This paper presents three current control strategies
for a switched reluctance machine (SRM). Two classical con-
trollers are recall : the hysteresis and the proportional - integral
controller. Dynamic and current ripples with both controllers are
compared and discussed. Then, a new current controller qualified
as “hybrid controller” is proposed. It is a combination of the two
previous structures. The principle of this controller is detailed
and its influence on the current control performance is described.
The three strategies are first tested by simulation, and then on
an experimental test bench.

Index Terms— Switched reluctance machine, current control,
hysteresis, linear controller, gain scheduling controller, hybrid
controller, current ripples.

I. INTRODUCTION

HE switched reluctance machine (SRM) had attracted

many researchers over the last decade. This is certainly
due to its numerous advantages such as simple and robust
construction, high-speed and high-temperature performance,
low costs, and fault tolerance control capabilities [1], [2].

The performance of SRM has been enhanced greatly due
to advances in power electronics and computer science.
Nowadays, SRM are under consideration in various applica-
tions requiring high performances such as in electric vehicle
propulsion [3], [4], automotive starter-generators [1], [2] and
aerospace applications [5], [6].

However, several disadvantages like acoustic noise gener-
ation, torque ripple, nonlinear electromagnetic characteristics
and the strong dependence on the rotor position are limiting
its utilization compared to other type of machines. The main
limitation of the SRM are the acoustic noise generation and
the nonlinear electromechanical behaviour (dependence on the
current and mechanical position). Therefore, the design of an
appropriate controller to achieve high performances must take
into account this two phenomena’s.

Several linear and nonlinear controllers that achieve high
dynamic control can be found in a vast literature available on
this topic. The most commonly used method to control the
current in SRM is the hysteresis controller for its robustness,
high dynamic range, easiness of implementation, and does not
require any model of the system [7]. Its structure is very simple
to implement and requires no knowledge of the electrical
model of the machine, or special knowledge in automatic.
However, this type of controller gives the disadvantage of vari-
able switching frequency that may cause a subsonic noise in
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SRM [8]. An alternative solution is a fixed switching frequency
operation (PWM) with linear and nonlinear controllers. Such
controllers are widely used for variable speed/torque of AC
machines. This technique makes the machine less sensitive to
acoustic noise, but is in general less dynamic than a hysteresis
regulator.

Several nonlinear control methods, such as the feedback
linearizing [9], passivity [10], back-stepping [11] and sliding
mode [12] have been applied to control the SRM. The speed
control of SRM has been treated extensively in the literature
while little research has been devoted to current controlling,
witch constitutes the main part of the controller. In this article,
three current control strategies are compared. Simulation and
experimental results on a 8/6 SRM are detailed.

This paper is organized into four sections as follows: In the
first section, the paper presents the SRM’s current control.
Then, in the next two sections, it describes and compares
the hysteresis and proportional-integral controllers. Finally, the
advantages of these latter are associated to design an “hybrid
controller” that is described in section V.

II. SRM’S CURRENT CONTROLLER

Fig.1 describes a SRM'’s speed control strategy based on an
average torque control [13].
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Fig. 1. SRM'’s architecture control

As with any type of electrical machine speed controlled,
the speed controller’s (Integral-Proportional) output defined
the electromagnetic required torque 7). In this strategy, the
reference torque is considered as an average torque over on
conducting period. It is controlled indirectly by adjusting the
three fundamental variables, ie., reference phase current I*,
turn-on angle 1, and conduction period ¢,. One important
feature of this classical controller is that the reference phase
current is constant over one excitation period. Thereby, this



control is also called “square wave control”. Many combina-
tions of these control variables are possible to operate the SRM
drive at one specific torque-speed operating point. However,
one suitable combination for one speed-torque operating point
should be chosen, based on the desired optimization goal, e.g.,
efficiency or low torque ripple [13]. Using simulations, an
optimal set of the control variables over the entire operating
range can be obtained. The torque translation into a current
reference is located in a look-up table. Linear data interpo-
lation is performed on-line to compute the optimal control
parameters depending on the operating point. Many classical
SRM torque controllers use this approach and rely on look-up
tables of the control parameters.

Fig. 2 presents a continuous model of the SRM’s current
control. Simulation and experiment show that it is necessary
to add a back-emf compensation, which acts as a strong
disturbance dynamics. The back-emf E is estimated from an
analytical model of the phase’s inductance L, dependent to the
current and rotor position [14].

The simulation requires an electric model for each SRM’s
phase. The phase electric model is derived from the classical
equation:
d®(i,0.)

dt
where R is the phase’s resistance and  is the phase’s magnetic
flux. The magnetic flux depends on the current and the electric
position 6. of the rotor (angle between a rotor tooth and
the phase’s unaligned position). Therefore, a look-up table
(performed off-line) give the phase’s current from the flux and
the position. It is obtained by FEA [15].

U=Ri+

r+
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Fig. 2. SRM’s current control

III. HYSTERESIS CONTROLLER

The most classical and easiness implemented controller is
the hysteresis. The only control parameter is the hysteresis
band AH. In the case of an analog implementation, this
parameter ensures that the instantaneous current is bounded
between * + AH/2, where i* is the desired current. In
this case, the current ripple is equal to AH and the current
controller output takes only two distinct values +Uye.

The two main drawbacks of this controller are the increase
of the current ripples at steady state and the production
of a variable switching frequency, which generate additional
acoustic noise in SRM. To reduce these ripples, the hysteresis
band AH must be reduced but it increase the switching
frequency of the converter, and therefore increase the power
converter losses.

However, in practice, the current controller is implemented
on a processor. To reduce these ripples as much as possible, the
sample time 75 must be small. Therefore, this latter is limited

according the processor capacities. Here, a 1103 Dspace board
is used on the test bench, that limit the sample time at 50 us.
Thereby, the ripple current A can be evaluated as:
Aj ~ NT, |Us. — Ri— E|

Linc
where, N is the number of consecutive sample times where
a constant voltage is applied to the phase, Uy, is the supply
voltage of the converter (here Uy, =24 V), R the phase’s resis-
tance, E is the back-emf, and L, is the phase’s incremental
inductance.

Fig. 3.a and 3.b shows the current and voltage in one phase
of the SRM, for a reference current equal to 30 A, that produce
an average electromagnetic torque T,,, equal to 3,7 N.m, at
500 rpm. The hysteresis band is set to zero.
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Fig. 3. Simulation result : instantaneous current and voltage phase, back-emf
and incremental inductance - Hysteresis controller.



It appears that the current can move in one direction during
several sampling periods, and especially when the back-emf
and the incremental inductance are high (see Fig. 3.d, e, f).
The instantaneous current can exceeded the defined bandwidth
AH du to the high sample time. From Fig. 3.c, the maximal
current ripples are evaluated of about 6A. The discretized
control causes a current witch is not centred with the reference.
Therefore, the static error is not zero.

An experimental test has been performed with the same
operating point as the simulation one: T, = 3,7 N.m, 500
rpm and AH is set to zero. Fig. 4 shows the current and it’s
reference in one phase, and the voltage applied to the SRM’s
phase. The experimental results are similar to the simulation’s
one. The maximum current ripple is about SA.

(a) Reference (- —) and measured (-) one phase currents
40 T . . . . . .

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
(b) Average phase voltage

—20F i

0  0.002 0.004 0.006 0.008
t(s)

0.01 0.012 0.014 0.016

Fig. 4. Experimental result :
Hysteresis controller.

instantaneous current and voltage phase -

To reduce these ripples, the sampling period must be
reduced, which is impossible with the 1103 Dspace board.
In order to improve the hysteresis controller implementation,
this latter must be made at a hardware level, using an analog
controller or a FPGA. However, the hysteresis current con-
troller can be replaced by a linear or non linear controller
with a constant chopping frequency, so as to keep a software
implementation.

IV. PROPORTIONAL - INTEGRAL CONTROLLER
A. Introduction

Many linear and non-linear controllers using PWM can be
adopted to control the current [9] [10] [11] [12]. In this work, a
proportional - integral controller is implemented. Fig. 5 shows
the blok diagram of this current controller associated with a
SRM’s phase model, where U is the average reference voltage
applied to a phase. Indeed, unlike a conventional machine,

Fig. 5.

Blok diagram of the current PI controller.

the back-emf E can be seen as a disturbance for the current
control, that depends on OL/00., where fe is the electrical
position of the rotor. A compensation of the back-emf improve
the current control. In practice, the controller is implemented
on a processor. Fig. 6 shows the discrete PI controller.

Fig. 6. Blok diagram of the discreet PI controller.

The integrator is approximed by a Euler’s integral: S}, =
Si—1 + K; Ts. This scheme includes two important elements:
e An anti-wind-up action, placed at the output of the
controller to limit the output voltage to a maximum value
depending on the characteristics of the machine and the
static converter (24 V in our case).
¢ An initialization blok of the integrator when the current
set point reverts to zero.

B. Controller design

If the compensation of the back-emf is ideal, the transfer
function of the closed loop is:

K K,
I(S) — L'i:c S + Linc
PO (BE)s + £

wich is identified with a second order system:

I(s)  2fwps + w?

I*(s) 82+ 28wps + w2
This leads to:

Ki = Linc w721

K, = 2€Licwn —R

where w,, is the bandwidth and ¢ the damping coefficient.

If the regulator’s gains are constants, the current’s dynamics
is not fixed, and is not optimal. Given that the phase’s
inductance of the SRM depends on the electrical position and
current, the idea is to compensate these variations, to ensure
a fixed dynamics of the closed loop. The gain’s adaptation is
based on an analytical model of the inductance. In [16], an
improvement of the current control associated with a torque
ripple reduction compared to a classical PI controller with
fixed gains has been shown.

Variable gains leads to a fixed closed-loop dynamic, so
that the bandwidth w,, and the damping coefficient £ remains
constant. A optimum value of the stability margin has been
obtained for ¢ = 0,707 and w,, = 6000 rad/s [16].

Fig. 7 shows a simulation test with the proportional -
integral controller with variable gains. As expected, the current
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Fig. 7. Simulation result: instantaneous current and average voltage phase
with variable-gains PI controller.

ripple is reduced. The switching frequency of the power
converter is equal to the algorithm sampling frequency, and
is set to 20 kHz. As for the hysteresis, the current ripple is
important at the unaligned position, and is nearly equal to 1/4
of the current ripple with the hysteresis controller (see Fig.
7.c). Indeed, we have:

A — Ts (Udc — RZ)
2Linc

Fig. 8 shows an experimental result with the variable-gains
PI controller. Simulation and experimental results are similar.
The acoustic noise is appreciable reduce with such controller.

Simulation and experimental results show that the hysteresis

=1,45A

(a) Reference (--) and measured (-) one phase currents
40 . . . . T . .

<< 201

0 0.002 0.004 0.006 0.008 0.01
(b) Average phase voltage

0.012 0.014

0.012 0.014

0 0.002 0.004 0.006 0.(()0)8 0.01
t(s

0.016

Fig. 8. Experimental result: instantaneous current and average voltage phase
with variable-gains PI controller.

response time for a current step is the main advantage of this
latter compared to the PI controller response time (here, the
current settle in 0,8 ms with the hysteresis, and in 1,2 ms with
the variable-gains PI). On the other hand, the behaviour of the
PI controller is more smooth in steady state. Both controllers
have some advantages and drawbacks. Therefore, one idea
consist on merging the main advantages of the two controllers,
in a so called “hybrid controller”.

V. HYBRID CONTROLLER
A. Presentation

As stated before, both controllers have some advantages and
drawbacks. The hysteresis controller is well suited during tran-
sients for its high dynamic; and the PI controller (linear and
non-linear controllers in general) is appreciable at steady state.
Therefore, one idea consist on merging the main advantages
of the two controllers, in a so called “hybrid controller”.

Fig. 9 represents the current response that is composed of
three parts:

o First part (mode 1): a current range 2 Al centred around
the reference current I is defined. If the current is outside
this region, it is the hysteresis controller that is engaged
in the current control. Therefore, the phase voltage are
equal to £+ Uyge.

e Second part (mode 2): if the current is in the interval
2 AlI, the current control is made by the PI controller
with fixed gains. In the case of the hybrid controller, a
PI controller with variable gains seems not justified.

o Third part (mode 0): in this case, the current reference is
equal to zero. The voltage applied to the SRM is equal to
—U,, as long as the current is not zero. Later, the voltage
is equal to zero.

I + Al
T*
I — Al
Ud(z

PI controller

Hysteresis controller

Fig. 9. Principle of the hybrid controller.

In order to avoid discontinuity during transitions between
the first mode and second mode (and vice versa), the integrator
of the PI controller must be initialized to the value S = Uy, —
K, AL

Fig. 10 illustrates a simulation test with the hybrid con-
troller. The hybrid controller uses the linear controller when
the instantaneous current is near to the reference. It is sufficient
to use a PI controller with constant gains without degradation
of dynamic, since the reference current is almost constant.
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Fig. 10. Simulation result: instantaneous current and average phase voltage
with hybrid controller.

Moreover, the gains can be reduced, in order reduce the
controller dynamic and therefore the controller sensitivity to
measurement noise. The PI controller gains are set to K, =
6, K; = 20000 and, in order to avoid overshoots, AT is set to
6A.

The transition between the first mode to the second one
is obtained when the current is equal to 24 A (I* = 30 A).
The variable “mode” indicates this transition (1 = 2). At
the transition, the controller output voltage U is maximum:
U = U,., which provides the maximum current dynamic. The
statement shows that the dynamics of the hybrid controller
is as good as the hysteresis one, while reducing the current
ripples. This controller thus combines the advantages of the
previous two controllers. It is therefore very effective.

Fig. 11 illustrates an experimental test with the hybrid
controller. The PI controller gains are set to K, = 6, K;
= 20000 and AT is set to 6 A. This experimental results
shows that the dynamic has been improved compared to the
PI controller with variable gains while maintaining the PI
advantages at steady state.

B. Robustness tests

Several simulation tests for testing the robustness issue with
respect to parameter variations have been performed. First, the
influence of the parameter AT is analysed (see Fig. 12 and 13).

Fig. 12 shows the current response when AT is too low. AT
is set to 1 A. There are commutations between mode 1 and 2.
That leads to an additional current ripple due to the discrete
hysteresis controller. Thereby, Al should not be too low.
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Fig. 11. Experimental result: instantaneous current and average phase voltage
with hybrid controller.

Fig. 13 shows the current response when AT increase. Al
is set to 25 A. There is an increase of 25 % on the response
time. Thereby, A should not be too high.

An other simulation test has been realized by considering
a +30% variation of the phase’s magnetic flux (equivalent to
an inductance variation at constant current). Fig. 14 indicates
that the current response is not very affected by this parametric
uncertainties. The average phase voltage is modified to have
a similar response.

Finally, a simulation test has been performed to show the
influence of the speed on the controller’s performance. Speed
is set to 1000 rpm. Fig. 15 shows the good robustness of the
controller against a speed variation, mainly du to the back-emf
compensation.
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Fig. 12. Simulation result: hybrid controller with Al =1 A.
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Fig. 14. Simulation result: instantaneous currents and average phase voltages
for an inductance variation at 500 rpm.

(a) Reference (- —) and measured (=) one phase currents
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Fig. 15. Simulation result: instantaneous currents and average phase voltages
at 1000 rpm.

VI. CONCLUSION

A new current controller for the SRM is proposed. It is
an association of an hysteresis and proportional - integral
controller. Therefore, it combines the advantages of these
latter, high dynamics, low current ripples and good robustness.
The proposed controller has been validated by simulation and
experimentally. The results are satisfactory and proved the
feasibility of this new type of controller.

TABLE I
PROTOTYPE CHARACTERISTICS

Geometric parameters
Number of rotor poles 6 Stator pole arc 19.8°
Number of stator poles 8 Rotor pole arc 20.65°
Stator outer diameter 143 mm | Airgap lebgth 0.8 mm
Shaft diameter 23 mm

Electrical parameters
Number of phases 4 Nominal speed 3000

rpm
Nominal power 1.2 kW Nominal voltage 24V
Phase’s resistance 50 mS2
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