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Abstract—This paper presents two solutions for dramatically
reduce the sampling frequency and therefore the CPU demand
while keeping the same performance in terms of torque ripple and
efficiency on a SRM. The problem of a low sampling frequency
with a regular control is first highlighted. Then, two different
solutions are proposed for the self switching’s function. Such
solutions tries to magnetize the stator phase at an accurate instant
in order to reduce the inherent torque ripple. Simulations results
on a 8/6 SRM corroborate the validity of the proposed solutions
and show the improvements of its performance.

Index Terms—Switched reluctance machine, sampling period
enlargement, self switching, torque ripple, efficiency.

I. INTRODUCTION

HE switched reluctance machines (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 tolerant control capabilities [1], [2]. The
performance of SRM has been enhanced greatly due to ad-
vances in power electronics and computer science. Nowadays,
SRM are under consideration in various applications 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 genera-
tion, torque ripple, nonlinear electromagnetic characteristics,
the strong dependence on the rotor position, requirement of a
high powerful processor are limiting its utilization compared
to other type of machines.

For cost reasons, manufacturers usually try to use economic
processors, i.e. with a low sampling frequency. Therefore, the
aim of this paper is to show that it is possible to control
an SRM with no degradation of its performances, using low
powerful processors.

This paper is organized in three sections as follows: in
the first section, the paper recalls the SRM’s control. In the

second section, the influence of a low sampling frequency
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II. SRM’S CONTROL

Fig.1 illustrates a SRM’s control strategy based on an
average torque control [7], [8]. The SRM’s control consists
of 4 functions: speed control, torque control strategy, a switch
control signal generator and current control. The last 3 blocks
compose an open-loop average torque control. As with any
type of electrical machine, the speed controller’s output pro-
vides the electromagnetic required torque 7'}, .

In this strategy, the reference torque is considered as an
average torque over one conducting period. It is controlled
indirectly by adjusting the three fundamental variables, i.e.,
reference-phase current [*, turn-on angle 6,,, and turn-off
angle 0, y. One important feature of this regular controller is
that the reference-phase current is constant over one excitation
period. Thereby, this control is also called “square wave
control”. Many combinations of these control variables are
possible to control the SRM 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 aim, i.e. efficiency or torque ripple level
(71, [8].

An optimal set of the control variables over the entire
operating range can be obtained by means of a Finite Element
Model [10]. The torque translation into a current reference
is located in a look-up table. Linear data interpolation is
performed on-line to compute the optimal control parame-
ters.Many classical SRM torque controllers use this approach
and rely on look-up tables of the control parameters.

The current’s controller implemented is an “hybrid” current
controller [9], which is an association of a ON-OFF con-
troller and IP (Integral-Proportional) controller. Therefore, it
combines the main advantages of both: high dynamics, good
robustness for the ON-OFF controller and low current ripples
for the IP controller.

Switch control | pulses

« | Torque i, - 0,
Yo control signal generator, Current’s |“ | SRM

strategy || L r:t)l)(,}[‘
T i

5886

Fig. 1. SRM'’s speed control.
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Fig. 2. Phase currents and instantaneous electromagnetic torque at £ = 500
rpm and 77, = 10 N.m - T = 50 ps.
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Fig. 3. Phase current and instantaneous electromagnetic torque at 2 = 3000
rpm and 77, =3 N.m - Ts = 50 pus.

ITI. CONTROL ALGORITHMS IMPLEMENTATION

A. Introduction

Currently, SRM drives are digitally implemented with the
use of high speed and high power capability processors
which have friendly developments tools based on high level
languages and compilers. On the contrary, a part of the SRM’s
control could also be made at a hardware and low level [11],
using an analog controller or an FPGA (Field Programmable
Gate Array) programmed on a Hardware Description Lan-
guage which uses a fixed-point implementation [12]. This
latter is principally characterized by a very low sampled
period, a development time much longer than the floating
points platforms mentioned before.

The speed control can be sampled at a high period (i.e.
1 ms) because the mechanical’s dynamic is low, while the self
switching and current control must be sampled at a low period
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Fig. 4. Phase currents and instantaneous electromagnetic torque at 2 = 500
rpm and 77, = 10 N.m - Ts = 300 ps.
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Fig. 5. Phase current and instantaneous electromagnetic torque at £2 = 3000
rpm and T, =3 N.m - T = 300 ps.
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B. Sampling period influence on the SRM’s performance

SRM’s characteristics are given in table II. Figs. 2 and
3 shows the instantaneous current on one phase and the
instantaneous electromagnetic torque for two operating points
(£2 =500 rpm; 75, = 10 N.m) and (2 = 3000 rpm; T, =3
N.m). The sampling period 7’s is set to 50 us. We can noticed
that at 500 rpm, the current is well controlled to its reference
value. Here, parameters (I, 0,,, 0, ) are optimized to reduce
the torque ripple [7], [8]. At 3000 rpm, because of the increase
of the back-emf, current can not reach its reference value, the
supply is a full wave voltage. At this speed, parameters (I *,
Oon, 0oy ) optimize the efficiency [7], [8].

Figs. 4 and 5 show the instantaneous current on one phase
and the instantaneous electromagnetic torque for the same
two operating points. The sampling period 7’5 is now set
to 300 us. There is a significant deterioration on the current
profile (oscillations), which leads to an important increase
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this is due mainly to the error between the desired angles (6 .,
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Fig. 6. Phase current, variables ‘pulse’ and ‘ideal pulse’, 2 = 3000 rpm and
Tr, =3 Nm - Ts = 300 ps.

0oys) generated by the torque control, and the applied angles
in a real-time context.

The first two columns of table I compare the performances
according the value of the sample time. We can noticed that
the global efficiency (SRM and converter) remains practically
unchanged, but the torque ripple is degraded.

As a conclusion, this section showed that the sampling pe-
riod has an influence on SRM’s performance. The next section
propose solutions for the switch control system generator, to
maintain SRM’s performance with large sampling period for
a wide range of operating speeds.

IV. IMPROVEMENT OF SWITCH CONTROL SYSTEM
GENERATOR

A. Introduction

The switch control system generator allows the power
supply of each phase, in generating a logical variable ‘pulse’
(0-1), when the electrical angle 6. is between 0,, and 0,¢y.
These two angles are stored in a look-up table, which has as
inputs the speed 2 and mean reference torque 7', .

Due to the sampling of this function, there is always a delay
between the ideals instants (o, , tory) and the real instants
(tron> trofy) as shown in Fig. 6. The maximal time delay is
equal to one sample period 7', corresponding to a maximal
electrical angle delay Afc_nae = N-QTs, where N, is
the rotor pole number and €2 is the angular rotation speed.
For © = 3000 rpm and Ts = 300 us, the maximal electrical
angular delay is 32.4°, which is too large. Consequently, the
performances are degrade as noticed in the previous section. To
overcome this issue, two solutions are proposed, and discussed
in the next subsection.

B. First solution : self switching’s anticipation

In a real-time context, the power supply of one phase occurs
after 0,,, (i.e. 0.[k+1]). Here, it is proposed to start the power
supply one sample time before (i.e. before 6,,, at 0.[k]) in
such a way that the current must have reached the same value

Un|

Fig. 7.  Principle of the switch control signal generator anticipation -
Magnetization phase.

At the beginning of the magnetization’s phase, the applied
voltage is generally equal to the DC bus voltage U . and the
current is equal to zero. Moreover, the resistance voltage drop
and back-emf can be neglected. In addition, the incremental
inductance is approximately nearly constant at the unaligned
position. Therefore, Equ. 2

u:RHLmC@ +iNTQM

2
dt 00, @
can be approximated as follows:
Aig . Oclk + 1] — O,
C g L’LTLC o ) h A = T xr o
Uy At wit t N.Q 3)

It follows immediately that the average voltage U,, applied
between the angles 0.[k] and 6.k + 1] is equal to:

Oclk + 1] — Oon,
Um - Udc W (4)
The computation of the predicted position 0. [k + 1] is:
ee[k“i‘l]:ee[k’}_"NrQTs (5)

The same procedure stands for the demagnetization period.
The average phase voltage U, between 0. [k] and 6.[k + 1] is:

Qe[k + 1] —Oosy

N QT (©)

Fig. 8 shows a simulation with the new switch control signal
generator anticipation, for the operating point (2=3000rpm,
T,=3N.m). We can notice that there is a significant perfor-
mance improvement in terms of torque ripple. However, at
high speeds the incremental inductance and back-emf change
rapidely and therefore Equ. 2 can not be simplified to Equ 6.
The results are reported on the third column of Tab. I (column
Ts = 300 ps solution 1).

Moreover, at high speeds (i.e. 2 > 3500rpm), the mag-
netization period start despite the demagnetization period is
not finish. Therefore, the machine enters in the un-controlled
continuous conduction mode [9].

Ug = —Uge

C. Second solution: hardware implementation of the converter
control signal
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The proposed method is composed of two steps:
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Fig. 8. Phase currents; Instantaneous and average one phase voltage; Variables
- Q =3000 rpm; T, =3 N.m - T = 300 us and self switching anticipation.

o First step: At time ¢[k], a logical variable ‘pre-pulse a’
is set to 1 and a ramp r is generated as shown on Figs.
9 and 10. Moreover, a duty cycle « that represent the
distance between the desired firing angle 6., and the
actual position 6. [k] is computed as follows:

 Oon — 0. [K]
- N,.QT,

Then, a comparison between « and the ramp r generates a
logical signal ‘pre-pulse b’. The rising edge of this signal
correspond to the ideal instant of magnetization ¢,,, and
define the firing time of the incoming phase.

o Second step: At time ¢[k + 1], the latter variables fall
to zero and the switched logic svstem eenerator works

7

‘pulse’, ‘anticipated pulse’, ‘ideal pulse’; Instantaneous electromagnetic torque

time (in this case 10 ns), and must be therefore implemented
on a hardware level (e.g. FPGA).

The same mechanism works for the demagnetization. The
duty cycle « is computed as follows:

_ bops — 0c[K]

N.QT, ®)

Fig. 11 shows a simulation test, for the operating point
(£2=3000rpm; 7% =3N.m). The computed estimated angles
correspond to ideal firing angles. Therefore, the performances
are not degraded despite the fact the sampling time is large.
The proposed method works if the firing angles (6 op,, 0of¢)

doesn’t fall in the sample interval. Therefore, Equ. 9 is indi-
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switching logic and PWM) are generated at a very low sample

eofffeon >.N,«QTS (9)
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To illustrate this limit, we consider that conduction angle is
equal to 180° and the mechanical speed is equal to 3000 rpm. It
follows that the theoretically maximum sampling time 7’5 must
be lower than 1.67 ms. Therefore, in practice, this relation is
always verified.

V. CONCLUSION

This paper focus on reducing dramatically the sampling
period to save processor real time resources when controlling
SRMs. Two solutions are proposed to achieve such goal
without degradation of the overall SRM’s performance. Two
solutions have been developed for the switching signal system
generator. The first one consists on an anticipation of the
voltage supply at a software level and show some performance
improvement on the torque ripple. However, this technique is
limited to operate in a wide range of operating speeds. The
second one uses a basic function implemented at a hardware
level and demonstrate that the SRM’s performances does not
depend on the sampling period provided that the supply is full
wave. Accurate simulation results show the validity of the two
proposed novel strategies. Further experimentation is currently
under study.

TABLE 1
PERFORMANCE COMPARISON
n = 500 rpm; 77, = 10 N.m
Ts = 50us | Ts =300us | Ts = 300us | Ts = 300us
Tem 10.33N.m 9.67N.m 10.11 N.m 10.22N.m
ATem | 20.6% 31.8% 20.3% 18.5%
n 53.3% 55% 54% 54.3%
n = 3000 rpm; T, = 3 N.m
| Ts =50ps | Ts =300us | Ts =300us | Ts = 300us
Tem | 2.84N.m [ 2.56N.m 2.58 N.m [ 2.87N.m

TABLE II
PROTOTYPE CHARACTERISTICS

Geometric parameters
Number of stator poles 8 Stator pole arc 19.8°
Number of rotor poles 6 Rotor pole arc 20.65°
Stator outer diameter 143 mm | Airgap length 0.8 mm
Rotor outer diameter 68 mm Active length 125 mm
Electrical parameters
Number of phases 4 Nominal speed 3000
rpm
Nominal power 1.2 kW Nominal voltage 24V
Phase resistance 50 mS2 Maximal current 100 A
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