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New Approach for Optimizing Control of
Switched Reluctance Generator
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Abstract—This paper presents a new switching approach
that determines the optimal control of the Switched Reluctance
Generator (SRG) for accomplishing maximum energy
conversions. The proposed method is based on the novel
concept of “ideal base speed flux/current curve” that optimizes
the conduction angles in the mode of single-pulse and
Chopping Current Control (CCC) operations. To validate the
proposed control technique, simulation results are provided.
The practicality of the controller is illustrated by a variable
speed wind application of a 6/4 SRG.

Index Terms—Optimal control, conduction angles,
Switched Reluctance Generator, optimization, variable speed,
wind power.

|. INTRODUCTION

In the context of sustained development, electric power
generation using non-conventional sources is receiving an
increasing attention. Among the alternative resources to
fossils, wind energy occupies today a place of choice.
Variable speed power generation for a wind turbine is
attractive, because maximum efficiency can be achieved at
all wind velocities. In this field, the switched reluctance
machines compete with the classical ones due to their
multiple advantages: simplicity and robustness of the
structures, high performances and reduced cost, which
allows them to have various applications over a large speed
range, for motoring and generating modes. However, the
drawbacks of these machines are in particular voltage,
current and torque ripples, but also the power electronics
requirements [1-2].

In order to optimize the power conversion, a greater
attention was focused to the Switched Reluctance Generator
(SRG) control; the turn-on and the conduction angles
together are the key element for optimal excitation. The
conventional control method that advances the turn-on
angle as the speed increase is not sufficient to produce
optimum performance [3].

This paper investigates the problem of performance
optimization of the SRG at variable speed. The proposed
method is based on the optimization of conduction angle to
approach the “ideal base speed flux/current curve” that
maximizes energy conversion in both cases of single-pulse
and Chopping Current Control (CCC).
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For this study, we used a three-phase 6/4 SRG
represented in Fig.1. There are no windings and no magnets
in the rotor; there is only a concentric coil in each stator
pole. The parameters of the studied generator are given in
Table I.

For determining the electromagnetic characteristics of the
machine connected to the converter, we solve the Poisson’s
equation governing the problem by the finite elements
method (FEM). The implementation was carried out under
the software package Flux2D [4], a user-friendly software
which allowed us to draw the equal flux lines from which
we plotted the magnetic flux vs. phase currents (Fig. 2).
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Fig.1. Diagram of the studied three phase 6/4 SRG

TABLE |
PARAMETERS OF THE STUDIED 6/4 SRG

Quantity

Value
Stack length
Outer diameter
Rotor diameter 150 mm
. 250 mm
Shaft diameter
. 150 mm
Air-gap length 42 mm
Height of stator teeth 0.8 mm
Height of rotor teeth )
- 25.6 mm
Stator yoke thickness 28 mm
Aligned inductance
Unalianed induct 23.6 mm
naligned inductance 29 mH
0.2 mH
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Fig. 2. Magnetization curves.

I1. ENERGY CONVERSION SYSTEM

The electro-mechanic conversion system of energy is
constituted by SRG, power converter, controller, position
sensor and so on. The topology of its power inverter is a
three-phase asymmetric half bridge where one phase is
represented in Fig. 3. The rotor of SRG is driven by a prime
mover. The controller can create certain control signals
according to the position information of the rotor. The
control signals can drive the switches in power inverter to
implement excitation and electric power generation.

There are two controllable switches (TI, T2) and two
diodes (DI, D2) in each phase. When both Tl and T2 are
turned on, the winding is excited; the system absorbs energy
from the prime motor and the exciting source. When both Tl
and T2 are turned off, the winding releases energy through
Dl and D2, the system provides electric energy to the load.

From the previous magnetic characteristics (Fig. 2)
plotted under Flux2D software, we can deduce the
inductance curves vs. rotor position at different excitations.
Fig. 4 shows the relationship between the idealized
inductance profile and phase currents for generating at
single voltage pulse and PWM voltage, above base speed at
which the phase currents are nominally constant without
need for regulation. It also represents the speed where the
back-emf E balances the source voltage V and resistive drop
RI [5].
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Fig. 3. One phase of the power converter.
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Fig. 4. Waveforms of (a) high-speed single voltage pulse and (b) low-speed
current chopping control (CCC) operations.

During generation, the SRG produces negative torque
that tends to oppose rotation, thereby extracting energy
from the prime mover. If the phase is excited as the rotor
poles move through the aligned position, the rotor
experiences torque opposing rotation consistent with

generator operation. The stored magnetic energy (We) or

co-energy (W, ) varies with rotor position to produce the
electromagnetic torque:
j 1)
y=const

(aw (i,6 )J (

00,
which is produced through magnetic anisotropy.
In linear mode, the magnetic flux is:

y =L(O)i

W, (v.6,)
0,

r

T

e

(2)
Thus,

W, =W,

e

3)

1 .
=L@
S L)

If, moreover, we suppose that the phase inductance varies
linearly with rotor position, from its maximum (aligned
position) to its minimum (unaligned position) value, for
constant current pulse, the torque is constant over the active
rotor position range, according to the following expression:

T, == = const 4
:=5 ] (4)
. For motor operation:
dL(H ) >0 (4a)

do,
. For generator
operation: M <0 (4b)

g
It is clear that the polarity of the current does not
influence the sign of the torque.
The expression of the average torque per phase is:
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The energy per cycle is deduced from the area between
the aligned and unaligned flux vs. current curves
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represented (Fig. 5).
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Fig. 5. Aligned and unaligned curves at (a) CCC and (b) single pulse
mode.
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Fig. 6. Controllers for regulating SRG speed.

I11. SPEED CONTROL OF SRG SYSTEM

For the strategy called “torque demand” recognized as
having a weak dynamic response for variable winds, there
are several publications [6-16]. As an alternative to the
torque control strategy, a speed control strategy represented
in Fig. 6 has been reported in [6].

This strategy has more variation in the output power and
also the fast variation of the electrical torque can produce
for example more fatigue in the gear box and drive train of
the wind turbine. This problem can be reduced with a good
design of the controller [17].

The outer loop is usually concerned with regulating the
speed of the SRG. An application such as wind energy
would focus on regulating the speed of the SRG relative to
that of the wind stream in order to force peak aerodynamic
efficiency [5].

IV. SIMULATION RESULTS
A. Current waveforms
The voltage equation per phase of the SRG is given by:

V=RI+Ld—I+Ka) (5)
dt
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where V is the applied voltage, | is the current, R is the
resistance per phase, L is the inductance per phase,

0
= E is the angular speed of the rotor and E = @K is

the back EMF with the coefficient:
.dL

K=i—<0
do
(6)
For simplicity, we neglect the stator resistance (R=0).
The value of the voltage is:
. V = + Vdc during
excitation phase by T, , switches

. V= - Vdc during

generating phase by D , free-wheeling diodes
where Vdc is the voltage of the DC bus.

The corresponding current waveforms are idealized (Fig.
7).
Fig. 8 shows the simulated characteristics of flux, current,
torque and speed by using MATLAB software; the model
selected is the 6/4 SRM block proposed by T.J.E. Miller [9].
Fig. 9, 10 and 11 show the current curves corresponding
respectively to three cases of the speed n compared to the
base speed nb.

-Incase 1 (n > nb): after T1 and T2 are turned off (when
excitation phase is finished) the current still increases. As
V< 0 and E <0, the current increase is due to the fact that is
the EMF is greater than the supply voltage (magnetization).
This case is typical for high speeds, when the torque is
smaller (Fig. 9).

Inductance  *
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Fig. 9. Current at n>nb (case 1)

- For case 2 (n= nb): it happens at turn-off angle Qoff

where |E|=[\/dc| and thus, from Equation (5), %:O.

Consequently, the current remains constant (Fig. 10) until
the inductance reaches its minimum at energy cycle (2). As
shown in Fig. 13.a, case (2) produces the largest torque-

energy cycle and, thus, seems more effective in energy
conversion.

- In case 3 (n < nb): in (Fig. 11), the maximum current is
reached at @ and after that, the current decreases steadily,

because|E| < [\/dc|, which corresponds to low speeds. A
smaller torque area is typical for case (3).

B. Energy conversion cycles

The area enclosed by each loop represents the energy
converted from mechanical to electrical form per electrical
phase cycle of each phase. This loop is obtained for each
phase cycle (stroke) by drawing the graph of the linkage
flux versus phase current (Fig. 12). Six loops of energy
conversion for the studied 6/4 SRG at six different speeds
are shown in (Fig. 13a) for single-pulse mode and (Fig. 13b)
for CCC mode.

At low speed we always have control through actively
chopping the current, the windings current is limited by
chopping control during increasing inductance (Fig. 4).

Above base speed the machine starts operating in single-
pulse mode and in generator mode the phase current can
continue to increase even after the excitation turned off [3].

Current (A) .Current (A)

Ti_me (sec) __Time (sec)

Fig. 10. Current at n=nb (Case 2) Fig. 11. Current at n<nb (Case 3)
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Fig. 12. Flux vs. current and Current vs. time at low-speed for CCC mode
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Fig. 13.b Simulation of current at low-speed (CCC)

V. OPTIMIZATION

The optimization procedure achieved under MATLAB
software is applied to the control of the SRG with the
following parameters constraints (Table 1I). Lower and
higher limits of each variable define the search region of the
previous loop (fig.13). After specifying limits, the variable x
of the objective function (7) represents a vector of angle

values 6., 0, . Then, the algorithm represented in Fig. 14
is used to minimize the distance between the computed and

reference (flux/current) curve in case (2) of base speed

(n=nb) by changing and finding the optimal vector x of
“conduction angle” (Fig. 15).

TABLE Il
PARAMETERS CONSTRAINTS

-5< 9()” < 10 (Degrees)
35< Hoﬁ < 50 (Degrees)
90n +00ﬁ <50 (Degrees)

90 =(15, 50) (Degrees)
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Fig. 14. Flowchart for the optimization method
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Fig. 15. Illustration of optimizing flux/current curves

Direct search is a method for solving optimization
problems that does not require any information about the
gradient of the objective function. Unlike more traditional
optimization methods that use information about the
gradient or higher derivatives to search for an optimal point,
a direct search algorithm searches a set of points around the
current point, looking for one where the value of the
objective function (7) is lower than the value at the current
point [18]. The structure of objective function is:

f (x) = norm(Flux —Flux )+ norm(Current ... —Current ) (7)

computed

Fig. 16 shows the objective function value of the best
point at each iteration. Fig. 17 shows optimized curves
simulation for n=500 rpm. The Objective function values
improve rapidly at the early iterations and then level off as
they approach the optimal angle conduction value (Fig. 18).

Function value

Best point

Fig. 16. Objective function values and the best point at each iteration
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Fig. 18. Optimal conduction angle versus speed

The SRG transfers power in pulse, suggesting the need of
an end capacitor to control the load voltage. The time
variation of the capacitor used to continuously supply the
load is represented in Fig. 19. It can be noticed that the
energy stored in the magnetic field of excited phase flows to
the end capacitor and to the load when the correspondent
diode is conducting [1][19].

The efficiency is calculated by the following equation:

P 100 [%]
P, + P

e

(8)

n

m

Where Pm, Pe and P, are the mechanical input power, the

electric excitation power and the output power, respectively.

Fig. 20 shows the variations of the efficiency with the
rotational speed for optimized and reference conduction
angles. The dashed curve shows the reference efficiency
and the solid curve the optimized efficiency. This figure
reveals that the efficiency of the 6/4 SRG is about 80 % in
the wide region of the rotational speed.

V1. CONCLUSIONS

This paper has examined the problem of choosing the
conduction angles for accomplishing optimal control of
SRG. The optimal angles are specified by a simple method
based on the optimization of conduction angle to approach
the ideal (flux/current) base speed curve, and maximize
energy conversion. The direct relationship between the
losses and rms phase current in the SRG determine the
maximum efficiency. Simulation results are presented.
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Fig. 20. Efficiency with optimized conduction angles
APPENDIX
T, Ty Electromagnetic and
average torque respectively
W, W, W_.. Co-energy, Magnetic
energy and Mechanical energy respectively
0 _,0.,0 Turn-on, turn-off and
on? Yoff * “r
rotor angle respectively
R, L Phase
resistance and phase inductance respectively
v, Flux and phase
current respectively
m Number of
phases
N, Number of
rotor poles
Ve, E DC-link voltage and
back EMF respectively
w Angular speed
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