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A switched reluctance motor (SRM) has been an alternative solution for
electric drives because of its benefit features. The use of such a motor in
electric vehicles (EVs) or hybrid electric vehicles (HEVS) requires a control
strategy that is capable to develop high torque. SRMs are commonly available
in the market with rotor position detectors embedded inside. Problems will
appear when such detectors are not symmetrically installed because most of
SRM control strategies are commonly based on them. Inaccurate pulses will
be generated by the control circuit which finally takes effect on phase current
commutation or the beginning of the excitation which is not on proper angle.
The use of such detectors is just capable to give information of rotor position
in common angles. Improvement for such problems can be done by generating
pulses related to the rotor position in smooth angles. In this paper, a control

Input capture
Control strategy

strategy to produce excitation signals with proper angles for SRM stator
winding is proposed. By using input capture facility that is commonly
available in embedded system, excitation angles can be controlled precisely
because a large number of pulses can be produced by the system. Accuracy
level of this strategy is determined by TIMER period of embedded system and
speed of SRM. To verify the analysis, laboratory experiments were done. They
show that the proposed control strategy is capable to rotate the motor with
better performance.
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1. INTRODUCTION

Switched reluctance motor (SRM) has been a strong candidate for electric drive due to its simple
structure, ruggedness, low cost, fault tolerance capability and reliability. Applications for hybrid electric
vehicles (HEVs) or electric vehicles (EVs) require high torque developing capability [1], [2]. SRM also has
problems related to its large torque ripple. To improve the performance of SRM in HEV or EV, many efforts
have been developed to produce torque with higher magnitude and lower ripple. Modification of machine
design and improvements of control strategy can be taken to reduce torque ripple of SRM. The second method
in reducing torque ripple is more preferable due to costs and is faster to implement, such control strategies
include current profiling, torque sharing function and direct instantaneous torque control. Frequency and time
domain based current profiling by utilizing finite element analysis or current tracking control that is based on
pre-computed current profile can be used to mitigate ripple torque in SRMs [3], [4]. In torque sharing function,
reference torque for individual phases are generated due to total reference torque, the reference torque for
individual phases are translated into current command signals according to rotor position. Finally, these current
references are then compared with the actual phase currents by current controller [5]-[7]. To control the SRM
torque directly with lower ripple contents, space vectors can be used. The vectors of stator flux linkage is kept
at a constant amplitude while the torque is controlled by acceleration or deceleration of stator flux linkage
vectors by choosing the appropriate voltage space vector [8]-[10].
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Besides torque ripple, magnitude of developed torque in SRM is also a key to obtain better
performance of SRM drives. An SRM can produce positive or negative torque, it depends on how the phase
winding current is excited. To produce the positive torque, the phase winding must be excited during the phase
inductance increases, it occurs while the rotor is traveling from unaligned to aligned position. To have an
accurate command, information of rotor position is required. Sensored and sensorless methods for SRMs have
been developed. To increase reliability and reduce costs, sensorless based control strategies are commonly
used. One of the sensorless methods is flux linkage method which requires a lot of experimental data so large
space of memory is required by such a method. Simplified flux linkage method is developed to overcome the
previous method [11] or using numerical method to calculate the rotor position based on flux linkage-position-
phase current characteristics [12]. The rotor angle can also be estimated by using real time adaptive filter based
on the supply voltage and phase current [13]. Position sensorless detections can also use the slope of phase
inductance of SRM stator winding [14], or vector of the inductance slope [15], [16]. All the sensorless methods
have complexity in deriving the rotor position estimation. They also require initial start-up process [17], [18].

Sensor based control methods are easier to be implemented in SRM drive, the use of rotary encoder
is able to control the excitation angle [19]. Due to the limitations of the rotary encoder, nonintrusive reflective
or non-contact sensors are also implemented [20], [21]. Most of SRMs are commonly available in the market
with rotor position detectors embedded inside. Hall-effect based detectors can only give information on
common angles so the excitation process will be inaccurate. Such sensors have been implemented in many
applications due to simplicity in control circuit but some modifications must be made to get better performance.

Highly precision in placements of such rotor position sensors inside the motor are quite difficult so
some problems will arise. To produce higher torque in SRM drives, it requires proper angles for excitation, so
the concept of how to generate rotor position information related to smoother angles must be designed. In this
paper, a simple method to control the excitation angles for SRM stator windings is proposed. This strategy is
capable to excite the phase windings on proper angles. By using input capture facility which is available in
digital signal controller, accurate angles are determined for phase stator windings with respect to the reference
position. The proposed control strategy is able to overcome the problems related to the inaccuracy of the
placements and the limitation of hall effect sensors.

2. RESEARCH METHOD
2.1 Basics of Switched Reluctance Motor

An SRM has simple structure, it consists of phase windings on its stator and a salient rotor without
permanent magnets or windings. This motor operates due to reluctance phenomenon. When the stator and rotor
are in aligned position (8a), the stator winding has maximum inductance and minimum reluctance. Meanwhile,
minimum inductance is achieved when they are in unaligned position (6y).
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Figure 1. Phase-A of a switched reluctance motor under (2) aligned position (b) unaligned position
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Figure 2. Rotor position influence on the phase inductance (a) rotor movement (b) phase inductance curve

The equivalent circuit of SRM is shown in Fig.3, by neglecting effects caused by saturation, fringing
flux, leakage flux and mutual inductance, voltage equation can be derived as the following [22]
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Figure 3. Equivalent circuit of Switched Reluctance Motor
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where Vg, R, ipn, €, 8 and A are DC source voltage, phase resistance, phase current, back EMF, rotor position
and linkage flux. Based on (1), the torque (T) developed by the SRM is expressed as

VdC = R'iph +e(¢9,iph)=.iph +

1., dL(o)
T 5 ioh 10 (2)

Direction of the torque stated in (2) is determined by the slope of the phase inductance (L) as depicted in Fig.4.
When the stator is excited in region during positive slope of the phase inductance (from unaligned to aligned
position), positive torque will be produced, meanwhile excitation during negative slope of the phase inductance
(from aligned to unaligned position) will result in negative torque. The difference between the negative and
positive torque will be the net torque that will rotate the rotor.

torque at I3

torque at [2

aligned torque at 1 aligned

_ torque
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Figure 4. Generation of the positive and negative torque on SRM

To develop the optimum torque of the SRM, the stator winding current must be turned off as soon as possible
when the aligned position is passed. This can be done by using voltage with negative polarity as available in
asymmetric converter and C-dump Converter [23]. In this paper, asymmetric converter is used to drive SRM
as depicted in Fig.5, voltage equation under magnetizing mode can be stated as

. d.
Vyc =Ry +L—iy, +€ 3
dc ph dt ph (3)
By neglecting the phase resistance, then the slope of the phase current can be obtained as
d. Vdc —e
—lgh = 4
dt ph L ( )
and under demagnetizing mode, voltage and current equations are expressed as
. d.
V4. =Riph+L—iy, +€ 5
dc ph dt ph 5)
d. (VdC + e)
., ——de TR 6
dt ph L (6)
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Figure 5. Asymmetric Converter for SRM (a) during magnetizing (b) during demagnetizing

For the nature of the inductive circuit, the excitation voltage is commonly applied before the phase inductance
starts to increase. If the instant time for the phase winding excitation is too early, the phase current will have
greater value because the phase inductance is still small so it results in poor efficiency. SRMs are commonly
available with the rotor position detectors embedded inside. For three phase SRMs, they have three detectors
that are displaced 60 degree denoted as Hi, H, and Hs so they can generate information of rotor positions
represented by 001, 010, 011, 100, 101 and 110. For 6/4 SRM, the commutation will occur on every 30
mechanical degree (Fig.6), the switching configuration based on such detectors depicted as Sa, Sg and Sc. In

order to have the capability to shift the commutation angles in smooth and precise values, the control strategy
must be modified.
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Figure 6. Information signals produced by rotor position detectors for stator windings excitation

2.2 Control of The Excitation Angle for Stator Winding

Input capture (IC) is a feature that is commonly available on an embedded system. If a pin of the
embedded system which is functioned as an input capture pin receives a signal, then the value of TIMER
register will be captured on every transition of this input signal (every rising edge or falling edge). An interrupt
can also be generated in such event. The proposed control strategy only uses one signal from hall effect sensor
(H1) as the signal for input capture pin. For SRM with 4 poles rotor and 6 poles stator, such a signal is shown
in Fig.7. In this case, let us consider the value X, and X are instant values of the TIMER register which are
captured in the previous input capture event and in the recent input capture event, and NP is the number of
signals captured between the both events, NP is also the difference between X; and Xo. Two adjacent input
capture events may occur before (Fig.8a) or is separated by TIMER overflow (Fig.8b), and then NP can be
calculated by including the TIMER period (PR). For events as depicted in Fig.8a, n equals to 0, meanwhile as
depicted in Fig.8a, n equals to 1.

NP = X; +nPR - X, @

8 [ U o o U

Input tur
180 mech. degree put Capture

Figure 7. Input capture signal generated by one of the rotor position detector
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Figure 8.(a) two adjacent input capture events occur before TIMER is overflow (b) two adjacent input
capture events are separated by TIMER overflow

Then a carrier signal can be made due to the instant values of the TIMER register (TMR) and X, as the
following
Carr =TMR- X, if TMR > X, 8)

Carr=TMR+PR-X, if TMR <X, 9)

The use of one signal from rotor position detector (Hi) results in every capture will occur for 180
mechanical degree. Such a condition requires two pairs of excitation signals that must be generated between
two adjacent capture events as depicted in Fig.9. Equations of these excitation signals are stated below

Xon— ph()) = Xon—ref + k.NP (20)
Xon- ph(2) = Xon—ref +w (11)
Xoff —ph(t) = Xoff —ref + kNP (12)
Xoff —ph(2) = Xoff —ref + (k+3)np (13)

6

where ph=A, B,Cand k=0, 1, 2. Xonpne is the number of pulses when the phase stator winding start to be
excited for the first time after event of input capture, Xonpn2) is the number of pulses when the phase stator
winding start to be excited for the second time and Xon-rer represents the any number of pulses after unaligned
position (8y). Meanwhile Xofr.pn1y and Xosr-ph(z) represents the number of pulses when the phase stator winding
start to be turned off for the first and second time, while Xor.rer represents the any number of pulses before
aligned position (0ar). Xon-ref and Xofr-rer are empirically determined.
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Figure 9. Phase winding excitation pulses (Sa, Sg, Sc) generated based on the value of TIMER register
captured

For Xorr is greater than Xon , the excitation signal for a stator winding can be expressed as
if Xon_pn (carrier then Y; =1 else Y; =0

if Xoff—pn ) carrier then Y, =1 else Y, =0
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S=y,NY, (14)
Under condition where Xqn is greater than Xot , the excitation signal is formed by
S=,UY, (15)

where Y1, Y are the pulse width modulation waveforms formed by the intersection of Xon , Xotf and the carrier.
Sa, Se and Sc are the excitation signals for the phase stator windings meanwhile S is general form of Sa, Sg
and Sc.
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Figure 10. Control the width of a stator windings excitation signal (a) where Xosf is greater than Xon (b)
where Xon is greater than Xos

The effectiveness of the above method depends on the width of H; signal and PR. The proposed strategy will
be valid if the width H; is smaller than 2PR because only one event of TIMER overflow is considered. This
strategy can be improved by modification of input capture subroutine.

3. RESULTS AND DISCUSSION

Hardware implementation of the proposed control strategy is designed by using a Digital Signal
Controller, a 16-bit microcontroller dsPIC30F is chosen as a core of the control circuit. Calculation of the
number of pulses captured between two adjacent input capture events is done in the input capture INTERRUPT
subroutine as depicted in Fig.11 and the main algorithm is shown in Fig.12. In the subroutine, number of
captured pulses (NP) is calculated due to (7). These values will be used in the algorithm to generate carrier
signal for PWM patterns. Then, the excitation angles for phase-A, phase-B and phase-C are calculated based
on Eq.(10)-(15).

Input Capture
Interrupt Subroutine

A 4

end of
Interrupt

Figure 11. Flowchart to calculate the number of the pulses captured

To verify the analysis, laboratory experiments were done based on the block diagram and the
prototype depicted in Fig.13 and Fig.14. The experiments were conducted under two control strategies, first
the SRM was operated by using three hall effect sensors embedded in the SRM as the input signals of the
control circuit, meanwhile the second control strategy uses one of the hall effect sensor output as the input
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Figure 12. Flowchart to generate the control signals for three phase SRM Asymmetric Converter

signal for input capture pin. Fig.15 shows the waveforms of one hall effect sensor output and excitation signals
for the three stator windings. The problems appear due to the difficulty in installation of the three hall effect
sensors symmetrically. These results in the excitation signals for the three stator windings are not identical.
Such condition will cause the excitation signal width is different, finally the current with different peak value
for one phase will appear (Fig.16) and then it leads to higher vibration. Inaccuracy of the sensor placement can
also results in the beginning or the end of the excitation is too early or too late that can lead to operation with
poor performance.

Xon_B(1)=NP/6
Xoff_B(1)=NP/3
Xon_B(2)=2*NP/3
Xoff_B(2)=5*NP/6

Xon_B(1)<Carr
and
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v
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Xoff_C(1)=NP/6
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Xoff_C(2)=2*NP/3

Xon_C(1)<Carr v
and SCON
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ISSN: 2089-3272

Xon_C(2)<Carr
and
Xoff_C(2)>Carr

Asymmetric Converter

I
I+

DC
source

F

0
PY)
<

driver

dsPIC30F4012

H1 signal

Input Capture
PIN

Figure 13. Scheme of the proposed system
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Figure 15. Experimental results using Hall effect detector (a) Hall effect-A signal (b-d) excitation signals for
phase windings
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Figure 16. Experimental results using Hall effect detector (a) phase current (b) phase winding voltage

To improve the above shortcoming, a control strategy using input capture facility is implemented. The
excitation signals for the windings of the SRM can be made identical. The instant time for turning on and
turning off can also be controlled. The waveforms of the excitation signals are depicted in Fig.17. Excitation
signals generated for the three phases are also identical. The phase currents flowing in the stator winding are
nearly uniform (Fig.18) then finally it develops better performance. Comparison of the phase currents under
two control strategies is presented in Fig.19. Under the same operating parameter, the period of the current
waveform under the proposed strategy is smaller, it means that the SRM rotates at higher speed. The lower
phase currents are also produced by the proposed control strategy.

Figure 17. Experimental results with the proposed control strategy (a) input capture signal (b-d) signals for
phase windings excitation

A Simple Method to Control The Excitation Angle for Switched Reluctance Motor (Slamet Riyadi)
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Figure 18. Experimental results with the proposed control strategny& (am)ephase current (b) phase winding
voltage

6 < 16Hz

CHL= Se8ml) M Ladms CHL So.00ml
M Pos-28.08ms

Figure 19. Comparison of phase currents between SRM using (a) hall effect sensor and (b) the proposed
control strategy

The number of pulses (NP) in the proposed control strategy will vary according to the speed variation
so the excitation angles which are produced through the determined number of pulses will always be adaptable.
In design, the value of periods (PR) must be chosen due to the width of the input capture event. Minimum
speed of SRM which can be covered by this strategy is limited by period of H; signal so starting method is still
required

4. CONCLUSION

The strategy to control the instant time to turn on and turn off the phase windings for a switched
reluctance motor has been presented. By using one of the rotor position detectors as the signal for input capture
pin, variation of the excitation angle can be made accurately. The number of pulses between two input capture
events can be calculated as the basic to determine the instant time for turning on and off the stator windings
currents. The experimental results show that the proposed control strategy is capable to produce identical phase
currents and to operate the SRM under better performance.
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