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The aim of this study is to present a Switched Reluctance Motor (SRM 6/4) design and control.
The use of numerical model for the design of the SRM gives better results compared to the
simplified analytical model. The application of the Modified Direct Torque Controller
(MDTC) to SRM significantly improves effectiveness of static and dynamic performance
compared to field-oriented control and direct torque control, especially in decreasing torque
ripple. Finally, the use of a fractional order controller P12D allowed the elaboration of a new
model on DTC of SRM. The results obtained show a significant performance improvement
compared to the classical controller method.

1. INTRODUCTION

A typical 6/4 Switching Reluctance Motor (SRM 6/4) has a
double salient structure where the windings are located at the
stator poles and without any kind of magnet at the rotor poles
"passive". Three-phase full bridge inverter feds the motor [1-
2]. Switched Reluctance Motors are known by high speed
operation, simplicity, reduced cost, high degree of
independence between phases, robustness, short end-turn and
pulsatory torque. In the SRM, motion is produced by the
variation of reluctance in the between stator-rotor air gap [1-
3].

The characteristics of the SRM such as the flux linkage and
the torque, also the variation of magnetic reluctance and the
saturation effects are all nonlinear functions of both rotor
position and current phase [1-4]. These issues relatively
complicate the SRM modelling process. Generally, numerical
methods such as Finite Elements Method (FEA), adopted here,
are used to handle modelling and optimization problems [5-6].

Regardless the electronic advanced techniques, many
studies are devoted to the control of the SRM: Ben Amor [7]
proposed two strategies of a non-linear control, namely: the
input-state linearization and the outputs-inputs linearization.
The sliding control of the angular position of SRM were
studied by Rafael et al. [8]; whereas, Chouitak [9], proposed
the use of the artificial intelligent strategies, explicitly: neural
network, fuzzy-hysteresis. Amri et al. [10] proposed the
application of a neural network as an intelligent software
sensor control. Moreover, Pratapgiri et al. [11] applied the
direct torque control (DTC) approach and Birame et al. [12]
added the use of a DTC with 12 sectors. This DTC was based
on PWM vector and the fuzzy PI (tuning Rs). The latter offers
several advantages such as simple implementation, fast
dynamic response, robustness to disturbances, and being
capable of mechanical sensor less operation [12].

Several research efforts have been done to increase the
performance of DTC [11-13]. The fractional order control has
been effectively applied in various industrial control
applications [14-15]. The idea here was in replacing the
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classical PI controller by fractional-order controller PI*DY,

In this study, a numerical model is presented for sizing a
prototype of the SRM type 6/4 by the finite element’s method.
To improve the static and dynamic performance of this
machine, several techniques are applied and compared for the
control, namely: Field-Oriented Control (FOC), Direct Torque
Control (DTC), Modified Direct Torque Control (MDTC) and
Fractional Order-Direct Torque Control.

2. OPTIMIZED DESIGN FOR 3 PHASES 6/4 POLES
SRM

The structure to be dimensioned is illustrated in Figure 1.
The model used for the design of the SRM type 6/4 is based
on the resolution of the Maxwell equations for the
electromagnetic field generated inside the machine [1-5].

Figure 1. Radial cross section of the motor [3]

To obtain the dynamic performance and static
characteristics, sizing process [1-2] must be achieved
according to the desired specifications of the motor: current
rating i=12A, rated power P=1.5Kw and rated speed Q=1500
rpm; the following phases have to be accomplished. (1) The
physical dimensions and material of the motor permit the build
of the model. (2) For the power converter, the model is build
based on its topology. (3) The boundary and terminal
conditions are setup. (4) The driving sources are added. (5)



The finite elements mesh is generated for the considered
geometry. (6) Parameter calculation: potential vector A,
magnetic field, magnetic flux, inductances, power, torque,
losses [1-2].

The differential equation to be solved [6]:

div (ii grad(A)) =Js @)
Hr Ho
where A is the potential vector, Js is the density of current, p,
is the relative permeability and 1 is the air permeability.
The simulation results of a 6/4 switched reluctance motor
using FEM is shown below. Figure 3 presents the flux linkage
for several rotor position and phase currents.

(a) Unaligned position.  (b) Aligned position.

Figure 2. Finite element mesh in SRM 6/4

Figure 3. Flux Distribution in SRM 6/4
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Figure 4. Normal induction in unaligned position
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Figure 5. Normal induction in aligned position

The parameters of the SRM motor obtained by FEM are
given in the following table:

Table 1. Sizes for SRM

Analytical  Numerical
Parameters of SRM3-phase method method
Arc of stator pole (deg.) 33 33
Arc of rotor pole (deg.) 36 36
Stator outer diameter (mm) 170 170
ore diameter (mm) 76 85
Shaft diameter (mm) 21 21
Stack length (mm) 200 200
Height of stator pole (mm) 36.06 27.48
Height of rotor pole (mm) 13.32 12.19
Back-iron thickness of the 10.94 19.31
stator (mm)
Air gap length (mm) 0.5 0.5
Number of stator coil turns/ph 107 106
Aligned inductance (mH) 55.6 55.35
Unaligned inductance (mH) 4.5 5.92
Stator resistance (Q2) 0.5120 0.4415
Average torque (Nm) 8.21 8.21
Material used M19 M19

Comparison between the finite elements and analytical
results show 10 % differences. The discrepancies are
principally due to the end effects and with a lesser degree to
the core material magnetic properties distortion.
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3. MODEL OF SRM 6/4

The electrical equations of the SRM in the (d-q) referential
frame are:

dgsd  de
dt P G bsq

dosq @
dt tp dt d)sq

Vsd = RsIsd +

2

Vsq = RsIsq +
The flux equations of the SRM are given by:

®sd = Ld Isd
{ G)

®sq = Lq Isq
The electromagnetic torque Te is given by:
Te = p (Ld — Lq)Isd Isq (4)

and the mechanical equation:
Te=]5+EQ+T, (5)

where T is the load torque, ] is the moment of inertia, Q is the
rotor speed and f is the friction factor.
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4. CONTROL TECHNICS OF SRM 6/4
4.1 Flux Oriented Control (FOC)

The principle of the work of the FOC is obtained when a
current-regulated voltage-source inverter drives the motor.
The inverter generates a three-phase variable-frequency
currents. The speed-loop controller determines the frequencies
and amplitudes of the stator currents.
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Figure 8. Basic flux-oriented control scheme for SRM 6/4
4.2 Direct torque control strategy

The direct torque control method of SRM uses the hysteresis
controller of torque, the hysteresis controller of flux and the
classical PI controller of speed are shown by Figure 9. The
optimal voltage vectors are selected to limit the torque errors
and stator flux inside the hysteresis band and then applied to
the inverter to reduce the torque and flux errors efficiently and
rapidly. The optimal voltage vectors are provided in the form
of a switching table [11-12] listed in Table 2.
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Figure 9. Basic DTC scheme for SRM 6/4 drive

4.2.1 Flux and torque estimation

The stator flux, the position of stator flux and the torque are
obtained from the equations (6), (8) and (9), which only use
the measured stator voltages and currents.

dsa = fot (Vsa — Rs Isa) dt

6
dsp = fot (VsB — RsIsp) dt ©



Ps(k+1) = ps(k) + Vs T @)
¢bs =/ dsa? + Psg?
odb = dsg (8)
¢ = arctg—
dsa
Te = zi p (dsa Isa — ¢dsB IsB) (9)

To control the electromagnetic torque and the stator flux,
the hysteresis controllers are generally used allowing the
choice of the suitable sequence. To control the variation of the
motor flux, one of the six voltage vectors is selected by the
controller from the voltage source inverter [11-12].
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Figure 10. Choice of the voltage vector

4.2.2 Voltage source inverter
The three- phase voltage of inverter is described as follows:

2im 4im

Vs = \/? Va(Cq +Cp3 +C.3) (10)

where (C,, Cp C. ) are the Boolean switching controls

The hysteresis regulators control the electromagnetic torque
and the stator flux. Specifically, a three-level hysteresis
comparator controls the torque, whereas a two-level hysteresis
comparator controls the stator flux. The Table 2 gives the
space voltage vector based on hysteresis regulators and stator
flux sector outputs (Cre, Cy).

Table 2. Switching table of space voltage vectors

Cre Co S1 S2 S3 S4 S5 S6
1 1 V2 V3 V4 Vs V6 i
0 1 V7 Vo V7 i) V7 Vo
-1 1 Vé Vi V2 V3 V4 V5
1 0 V3 V4 Vs V6 V1 \')
0 0 Vo V7 Vo V7 Vo \%i
-1 0 V5 V6 V1 V2 V3 V4
4.3 Modified DTC

To reduce the torque ripple, it’s best to search a new
approach of DTC. The idea is to modify the switching table by
changing the region of sector of the stator flux vector. The first
sector is taken from 0° to 60° instead of -30° to 30°. The main
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advantage of the modified DTC is to have a constant switching
frequency.

Table 3. Switching table for modified DTC

Co Cre S1 S2 S3 S4 S5 S6
1 1 V2 V3 V4 Vs Ve Vi
1 0 V7 Vo V7 Vo V7 Vo
1 -1 Vi \ V3 V4 Vs Ve
0 V4 Vs V6 V1 V2 V3
0 V7 Vo V7 Vo V7 Vo
0 -1 Vs V6 V1 V2 V3 V4

Vs

vS
Figure 11. The six sectors in the modified DTC
4.4 Fractional DTC of SRM

In order to have a best dynamic behavior, the classical PI
controller of figure 9 is replaced by a fractional order
controller. Several fractional order controllers are exploited in
the literature [14-16]. The Figure 12 displays the block
diagram of the proposed fractional order control system based
on the bode’s ideal transfer function [17], which ensures
stability and robustness performance of the closed loop over a
wide range of operation [18].
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Figure 12. Block diagram of the fractional order control
system

The process G, (S) is given by:
Gp(S) = Kom Gp1(S) (12)

where K, isthe mechanical torque given in (4) and rewritten

@m.
as:
K(pm =p(Ld-Lqg) (12)
and Gp1(S) is the speed transfer function given by:
1 1
Gp1(S) = Js+f  0.00176.5+0.1 (13)



therefore:

Kom
GP(S) - 0.0017(';.s+0.1 (14)
In the given frequency band of interest [104 10%], the
dynamic performance requirement can be satisfied for a phase
margin 6m=45<and a chosen gain crossover frequency w,=70
rad/s.

Thus, the ideal transfer function can be written as:

7

0 .
Gn(S) =5 ,S=iw (15)

5. SIMULATION RESULTS AND DISCUSSION

The Matlab/Simulink programming environment is adopted
to study the performance of the Switched Reluctance Motor
with FOC, DTC and MDTC. In addition, both of torque and
speed responses of SRM6/4 added with DTC are illustrate with
PI controller and PI?DP fractional order controller; the motor
parameters are listed in Tablel.

Figure 13 shows the unload dynamic responses of the speed,
flux and torque with flux-oriented control.

Figure 14 shows the performance of SRM with direct torque
control in steady and transient states. When the torque load of
1.5Nm is applied to the motor at 0.08s. It is observed that to
satisfy the load torque requirements, the electromagnetic
torque increases. The trajectory of the stator flux is circular
which signify that the errors of flux are limited inside the band
hysteresis. We observe also the evolution of the trajectory of
stator current in the stator referential (d-q) frame.

Figure 15 shows dynamic performance of SRM with
modified direct torque control (MDTC). When the modified
DTC is applied, it is clear that the torque and the current have
a lower ripple compared to those obtained with classical DTC.

Figure 16 shows the dynamic of speed of SRM6/4 with
direct torque control using both of classical PI controller and
fractional order PI°D controller. It is clear that the speed of
SRM6/4 with DTC using the fractional order is faster and
more stable than DTC using the classical PI.
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Figure 13. Unload dynamic performance of SRM 6/4 with
FOC
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Figure 14. Dynamic performance of SRM 6/4 with Direct

torque control (DTC)
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Figure 15. Dynamic performance of SRM6/4 with a
modified direct torque control (MDTC)

Table 4. PR" in the current and torque for both DTC and

MDTC
Techniqgue PR of Torque PR of Stator Current
DTC 172 % 13.19%
MDTC 9.6 % 9.46 %
* PR: Percentage Ripple
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Figure 16. Dynamic of speed response
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Figure 17. Dynamic of torque response

6. CONCLUSIONS

Using a finite elements method, a numerical simulation of
electromagnetic model was presented for the design of a
typical 6/4 switched reluctance motor. The 2D
electromagnetic characteristics are accurately predicted.

It was found that the flux density waveforms generated by
the motor were completely non-sinusoidal and its maximum
value varies periodically for aligned to unaligned position of
the rotor. The simulation results are precisely obtained and
they can be exploited directly for the control of typical 6/4
SRM.

The performance of the SRM6/4 as a drive system is
analyzed using several techniques of control: Field-Oriented
Control (FOC), Direct Torque Control (DTC) and Modified
Direct Torque Control (MDTC). The control of magnitude of
the flux linkage and the speed change in the stator flux vector
command directly the torque. It is noticed that during
acceleration the torque is kept in the steady state within the
hysteresis band of 10% of rated torque.

Concerning the torque ripples and the waveform of current,
it is noticed that the dynamic performances of SRM6/4 are
better with modified DTC compared to those found with FOC
and classical DTC. The torque and current responses present
lower ripple with modified DTC (Table 4).

The simulations results obtained with the fractional order
controller show a good dynamic performance in quality of
time response, rise time and stability. The robustness and the
efficiency of the fractional order DTC design are better
compared to DTC with classic PI controller.
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NOMENCLATURES
Vs Stator voltage vector, V
Vi voltage space vector number j
Sj Sector number j
Vsd Component on d axis of the stator voltage
Vsq Component on q axis of the stator voltage
T The sampling period, ps
Vsa Stator voltage component on a axis, V
Vsp Stator voltage component on B axis, V
Isd Component on d axis of the current, A
Isq Component on q axis of the current, A
P Pair-pole number of the SRM machine
Lq Quadratic inductance, mH
Ld Direct inductance, mH
Rs Stator resistance, Q
Te Electromagnetic torque, Nm
Js Current density, A/m?
A Potential vector
Gpl Speed transfer function
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Kgpm The mechanical torque, Nm

Gm Bode’s ideal transfer function

g Boolean switching controls

S Bode’s variable

Greek symbols

a Nomination for axis

yij Nomination for axis

r) Stator flux vector, wb

U Permeability,

Q Rotor speed, rad/s

o Angular position of the rotor, deg.
6¢p Angular position of flux, deg.
Abbreviations

DTC Direct Torque Control

SRM Switched Reluctance Motor

d-q Perpendicular (direct, quadratic) axis
FEM Finite Element Method

FEA Finite Element Analysis

PI*DP Fractional-order controller
MDTC Modified Direct Torque Controller
FOC Flux Oriented Control

PI Proportional Integral controller
PID Proportional-Integral-Derivative controller
PR Percentage Ripple





