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Abstract - The Switched Reluctance Motor (SRM) is known to
be the low cost motor having the simplest construction with no
brushes, commutators, windings or magnets on its rotor and
have only concentrated winding on its stator. There are many
converters available for the SRM like classic inverter, C dump
inverter and Buck-Boost inverter. Speed response, torque ripple
and cost are the constraints for designing the converter and
controller for SRM. Most importantly the current overlapping is
the main problem associated with the above converters. To
overcome these difficulties a converter uses single switch for
each phase along with the PI Controller is proposed. The fast
phase current commutation capability of the proposed converter
is evaluated by verifying the phase current overlapping with the
MATLAB/Simulink. Also the speed response and torque ripples
of the proposed Pl controlled converter is simulated and
compared with the conventional asymmetric converter.

Keywords- SRM, PI Control, Torque ripple, Commutation

Introduction

SRM is a single excited and double salient pole electric
motor. It is electromagnetic and electro dynamic equipment. It has
concentrated winding on its stator and no winding on its rotor. The
rotor is made from lamination in order to minimize the eddy
current losses. The rotor tries to get to a position of minimum
reluctance by aligning itself with the stator magnetic field when the
stator winding are excited.

Growing energy and environmental concerns have
increased demand for variable-speed drives in low-cost, high
performance and the high- volume applications. The interest over
SRM is due to its advantages over the induction motor and the
synchronous motor. It includes low cost, boosted performance,
equal or better efficiency and the comparable reliability [1-5].A
number of power electronic converter topologies have been
developed over the years exclusively for use in conjunction with
SRM drives. In principle, the quest has always been for a
converter with a minimum number of switches [6].

New power electronic converter topology for SRM
drives is entirely based on utilization of standard inverter legs has
been presented [7]. One of its most important features is that both
magnetizing and demagnetizing voltage may reach the DC-bus
voltage level while being contemporarily applied during the
conduction overlap in the SRM adjacent phases. At the same time,
the voltage stress across the power switches equals the DC-bus
voltage.
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A simple, low-cost SRM drive is needed for
efficient operation of hostile environment of the car.
However, in such low-voltage applications, the voltage drop
across the converter switches is a significant fraction of the
available dc voltage, and the common SRM converter
topologies are not suitable. A modified dump resistor
converter topology for star — connected switched reluctance
motor with a dual time constant freewheeling circuit has been
designed to improve the drive performance and efficiency
over a wide range of speeds [8]. To manage any input line
variations of SRM, a soft switched boost converter is
designed to regulate the input voltage and a power converter
is used to control the speed of SRM [9]. The PI controller is
used as closed loop controllers, which improves the speed
control of the switched reluctance motor for any load and
regulate the input voltage to SRM for any line variations. The
duty cycle of the switch is controlled by P1 controller using
PWM technique.

SRM drive has the crucial problem of large torque
ripples due to lack of continuity in the generated torque. But
this can be mitigated to a great extent by phase current
overlapping. Therefore, the converters used for SRM drive
requires separate control for each phase so that the torque
ripples can be reduced by phase current overlapping[10].
Another reason for torque ripples is that the stator current
falls behind the reference current during the commutation of
each SRM phase current because of back EMF. This means
that during commutation, the phase current reaches zero after
the reference current which causes negative torque and more
ripples in the torque produced by the motor. Thus, the
converter used in the SRM drive must have the quick
commutation ability of phase currents, which will reduce
torque ripples considerably. This is more important at higher
speeds where commutation interval is very short. Therefore a
new converter which performs the commutation process with
high speed and provides excellent drive performance at higher
speed is proposed.

The design of new converter, consisting of “half-
bridge” IGBT modules and SCRs, for closed loop control of
switched reluctance motor drives are proposed and Compared
to the conventional asymmetric bridge converter[11], the
proposed one using half-bridge switch modules is more
compact and has higher utilization of power switches. A
performance comparison of Proportional Integral (PI)
Controller with Sliding Mode Controller is presented [12] for
speed control of Switched Reluctance Motor. A new Pl
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controlled soft switching converter for switched reluctance motor
drive is proposed in this paper, which uses only one switch with
coupled inductor for each phase winding. It performs the
commutation process with high speed which provides excellent
drive performance at higher speeds.

Switched reluctance motor

The Switched Reluctance Motor (SRM) drives for
industrial applications are of recent origin. Key to an
understanding of any machine is its torque expression, which is
derived from first principles. The implications of machine
operation and its salient features are inferred from the torque
expression. The torque expression requires a relationship between
machine flux linkages or inductance and the rotor position. The
reluctance motor is a type of synchronous machine. It has wound
field coils of a DC motor for its stator windings and has no coils
or magnets on its rotor. Figure 1 shows its typical structure of 6/4.
It can be seen that the stator and rotor have salient poles; hence,
the machine is a doubly salient machine. The rotor is aligned
whenever the diametrically opposite stator poles are excited.

In a magnetic circuit, the rotating part prefers to come to
the minimum reluctance position at the instance of excitation.
While two rotor poles are aligned to the two stator poles, another
set of rotor poles is out of alignment with respect to a different set
of stator poles then; this set of stator poles is excited to bring the
rotor poles into alignment. The rotor position influence the
inductance variation of windings in the stator. For better
understanding of the relationship between the phase inductance
profile and the torque profile, a linear variation is considered.
This can be obtained from the figure 2.

Fig.1.SRM with 6/4 poles

The figure 2. (a) shows ideal variation of inductance of
typical one stator phase as a function of rotor position. The cross
sectional view of SRM as shown in figurel., the movement of
SRM rotor in clockwise direction at intermediate rotor position
for motoring torque production, at aligned rotor position, at
intermediate rotor position for generating torque production and
unaligned rotor position.

At each of the rotor positions, range of inductance values are
produced such as Liy(intermediate inductance),L,(aligned
inductance),and  Ly(unaligned inductance),as shown in
figure2.Then ,the corresponding torque profile at constant
current as a function rotor position is shown in figure2.(b).
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Fig.2.a) Ideal variation of inductance of one stator phase b)
torque with constant current

Generalized Equation of Motor
The voltage equation is,

V=Ri +d¥ /dt (1)
Where iy = Li = Ng (2)
R = Winding resistance
L = Nonlinear equivalent inductance
ForR =0,
V = Ldijdt + i(dL fdt)
= Ldi/dt + i(dL /df) (df/dt)
V = Ldijdt + iw (dL/dF) 3)
Development of Torque

The most general expression for the torque produced
by one phase at any rotor position is,
T=[dW'/dB]i = Const (4)
Since,
W' = Co—energy = }2F& = laNIE (5
This equation shows that input electrical power goes
partly to increase the stored magnetic energy(¥2L = i~} and
it dL
partly to provide mechanical output power (T *eT @ ]

the latter being associated with the rotational emf in the stator
circuit.
Neglecting saturation non-linearity,
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= Inductance = N&/ I

T = % i*dL/d8 (6)

This equation shows that the developed torque is
independent of direction of current but only depends on
magnitude of current & direction of ¢L/d®&.

T, = E\=1 T4 (7)
=T, +Bw+ z‘” ®)

Where, T, is the sum of the torque developed by all phases, N is
the number of phases, and J and B represent the total moment of
inertia and the total damping ratio.

Proposed Converter for SRM

A. Basic requirements of the converter

. Each phase of SRM should be able to conduct
independent of the other phases.

. The converter should be able to demagnetize the
phase before it steps into the
generating region if the machine is acting as
a motor and should excite the phase if it
operates as a generator.

. The converter should be able to freewheel
during the chopping period to reduce the
switching frequency.

. The converter should be able to utilize the
demagnetizing energy by either feeding it back
to the source or by using it in the next phase.

B. Types of converters

In classic converter the conduction mode is usually
initiated before the start of the rotor such that phase current
reaches the reference value before the phase inductance
begins to increase.
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Fig.3. Classic converter

This helps to reduce the torque ripple. But the disadvantage of
this system is the more number of switches used and are
applicable for low voltage applications [10]. R-dump converter
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is the single switch used in each phase which makes it
smaller and lower cost. The disadvantage is the lower
efficiency due to the wastage of phase inductor energy
in the resistance. C-dump converter uses the phase
inductance energy in a capacitor (Cn) rather than dissipating
it through a resistance. Also, the reverse voltage used for
the phase current commutation is very much limited.
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Fig.4. Proposed SRM converter

All the power converter topologies offers to minimize
commutation interval in order to mitigate the torque ripple
problem and improve the performance at higher speeds. But,
all these converters have the problem of either increased
number of components or the commutation process is not
fast enough. A new converter is proposed in this work,
which uses only one switch for each phase in its structure.
The proposed drive topology operation is simple with
minimum number of switches so that making the phase
current commutation more easily and quickly. In addition to
its simpler construction, it has higher efficiency and current
commutation speed than any other converters.

C. Modes of Operation of Proposed converter
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1. Magnetization Mode
Fig.5. Magnetizing mode
In this mode, the switch T1 turns onin

order to magnetize Phase A and the energy is transferred
from source to the phase winding and the current in the
phase conductance increases. When the magnetizing
inductances of coupled inductors are reset, diode D1
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turns off. The reset of coupled inductors magnetizing inductance
is similar for other phases.
2. Demagnetizing Mode

controls the steady-state and transient response according to
the requirement. A Pl Controller (proportional integral
controller) is a feedback controller which drives the plant to
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Fig.6. Demagnetizing mode
When the phase current reaches the reference, T1

isturned off and the demagnetization process starts. Due to
reversal of the voltage across phase winding Di1and Dby is
turned on. This creates a negative voltage across the phase
winding in proportion to the coupling ratio which always
accelerates the current commutation.

. Overlapping mode
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Fig.7. Overlapping mode

The magnetization and demagnetization of Phase A and Phase
B are taking place alternatively. Also the converter has the
ability to separately control the phase currents. For the proper
design of this converter, the coupled inductors ratio has to be
determined considering the performance speed of the
drive. If the phase current doesn’t reach zero fast
enough during the commutation, the phase current continues to
exist in the negative torque production area and will cause
in the production of large ripples in the motor [9].

D. Control Strategies

Different control strategies such as
¢ \/oltage control,
¢ Hysteresis control
¢ Proportional plus Integral Control
¢ Proportional plus Integral plus Derivative Control

For linear as well as nonlinear modeling has been

applied to get simulation results. Controller is a device which
when introduced in the feedback or forward path of a system
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be controlled with a weighted sum of the error (difference
between the output and desired set point) and the integral of
that value.

DC Supply
l T
Reference
Speed " PI ¥
SRM Load
Y —* Converter
- Controller
Iosition
Semsor e Tum On Angle
e Tur Off Angle

Fig.8.Block diagram of speed control SRM

Pl controller is mainly used to improve the
performance of the system under disturbances. The dynamic
performance of the P1 controller can be improved by giving
feedback to the converter to overcome the disturbances. A
proportional integral controller employed with a feedback
loop can take the place of manual adjustment in DC-DC
converter and act much more quickly than is possible.
Consider the DC-DC converter as “a process,” The DC-DC
converter includes the converter itself, plus the DC power
supply.

To automate the control process, the “feedback
loop” is closed, producing an error signal (+ or —). The PI
controller acts upon the error with parallel proportional and
integral responses in an attempt to drive the error to zero.
When o V out equals V set, then the error is zero. It can be
used with the op-amp implementation of the controller. A
proportional-integral controller (i.e., Pl) employed with a
feedback loop can take the place of manual adjustment in
DC-DC converter and act much more quickly than is possible
“by hand.”Consider the DC-DC converter as “a process,”

The controller output is given by following equations,
KpA + Ki[ Adt (9)

Where, & is the error (or) deviation of actual
measured value (MV) from the Set-Point (SP)

= 5P — MUV

A Pl controller can be modeled easily in software
such as Simulink
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=TT (10)
Where,
G = K, = proportional gain
G/t = K; = integral gain
Kpe(t)
Set
Speed SRM with
A’Q z Conwerter
_I_
Actual t
Speed |~ J Kifjeltdt |

Fig.9. Block Diagram of PI Controller

Here K, and Kj are the proportional and integral gains known as
controller parameters. Thus the effect of Pl controller on the
system is that it increases the order of the system by one, which
reduces the steady state error. In order to maintain the stability of
the system Kj should be designed properly.

Results and Discussion

In this section, the soft switching converter has been
simulated using the following motor parameters shown.

TABLE I
Machine Parameters of 6/4 SRM

Parameter Value
Number of stator poles 6
Number of rotor poles 4
Supply Voltage 200V
Stator resistance 0.05Q
Inertia 0.05kgm?
Maximum Speed 4000 rpm

The simulation results of SRM drive using the proposed
converter is compared with asymmetric and C-dump converter.
The maximum SRM drive speed depends on the type of converter
used and is illustrated by the following equation.

T, = 1, In [1 - R%:F—] (11)
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where Tf is the time needed for the current to reach from

reference value to zero, T,is the electrical time constant of
machine phases, H= is the resistance of each phase winding,

7. is the reverse voltage applied to the phase inductance

during commutation. In the proposed converter, the
commutation is carried out faster by increasing V. this can be
achieved by increasing the coupled inductors L; and L, turns
ratio. Turns ratio of 0.9 has been used in the proposed
converter to minimize the phase current overlapping. And the
phase current waveform of the asymmetric converter is
shown in fig.10.a. here the current overlapping between
phase A and B is higher than the proposed converter. Hence
to improve the commutation capability of asymmetric
converter needs snubber circuits which increase the cost of
converter circuit.

Fig.10. a) Phase current waveforms SRM driven by
asymmetric converter at 4000rpm

Fi. b) Phase current Waefrms SRM driven by
proposed converter at 4000rpm

Fig.11 shows the performance characteristics of
SRM drive with conventional asymmetric converter; here
torque ripple is produced due to presence of negative torque
and the speed response of drive for classic converter has the
settling time of 2.9s and 3.6s respectively.
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3sec under no load condition which is smaller than the value
of classic converter.

(b)

TiainBez,

(©

Fig.11. Measured dynamic responses with the asymmetric
converter under T, =0 for (a) speed at 1000rpm (b) speed at
4000rpm (c) torque ripple T

From the above simulation result it is very well clear ) ] (© .
that there occurs a chance of electromagnetic ripple which is Fig.12. Measured dynamic responses with the Proposed
due to the production of negative torques. Since it is a main  converter under T, =0 for (a) speed at 1000rpm (b) speed at
concern related with the SRM, here comes the demand of the 4000rpm (c) torque ripple
new proposed converter with Proportional and Integral controller
for getting better speed response. The P1 controller is tuned with
the gain value of K,= 0.5 and K;=0.0001 and the speed response
of PI controlled soft switching converter is shown in fig.12.

The integral value minimizes the overshoot and because of
faster commutation the production of negative torque is
controlled easily which in turn minimize the torque ripple
for the proposed converter. The performance comparisons of
proposed converter with the classic converter are shown in

The above simulation output shows that the proposed
tables Il and I11.

converter with Pl Controller has the settling time of 2.6sec and
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TABLE Il
Performance analysis for speed response of SRM with
load torque, T, =0

Classical Proposed
Reference Converter Converter
Speed
inrpm
(inrpm) W) | W) |t | e
1000 0.7 2.9 0.9 26
4000 0.68 3.6 0.84 3.0
TABLE Il

Performance analysis for speed response of SRM with
load torque, T =1N-m

Classical Proposed
Reference Converter Converter
Speed
inrpm
(in rpm) W) | e | we | e
1000 0.75 33 0.95 3.0
4000 0.75 35 0.9 31

Table Il and Il provides the quantitative performance
analyses of the proposed converter with P1 Controller for different
speed under no load and load respectively and compare them with
that of Classical converter. It shows the rise time, the settling time
of the drive that are used to evaluate the controller performances
and all of them were calculated over the time interval of [0, 5] s.
Also it resolves the production of negative torque due to faster
commutation and this converter gains a very good speed even
before settling.

Conclusion

In this paper a soft switching SRM converter with the
Pl controller scheme is analyzed and is compared with the
existing asymmetric converter. The proposed converter uses a
single switch with coupled inductors for each phase this will
reduce the cost of converter. The negative torque production is
minimized because of faster commutation capability of converter
this is achieved by the use of coupled inductors is used in the
converter which minimize the phase current overlapping. Also it is
clear that the proposed converter with Pl controller has low
electromagnetic torque ripple and better dynamic speed response
than the classic converter. Simulation results also provided to
justify the same.

References
[1]JR.  Krishnan,  "Switched  Reluctance Motor Drives:
Modeling, Simulation,Analysis, Design and App

lications,"CRC Press, 2001.

[2]Eyhab, E. Kbharashi, “Design and Analysis of Rolled Rotor
Switched Reluctance Motor,” Journal of ElectricalEngineering ad

35558

Technology, Vol. 1, No. 4, pp. 472- 481, 2006.

[3]M. N. F. Nashed, K. Ohyama, K. Aso, H. Fujii, H,
“Automatic Turnoff Angle control for High Speed SRM, Eds.
Drives,” Journal of Power Electronics, Vol. 2, No. 1, pp.
81-88, 2007.

[4]Ehsani, M., J.T. Bass, T.J.E. Miller, and R.L
“Steigerwald, Development of a unipolar converter for
variable reluctance motor drives,” IEEE Trans. Ind. Appl.,
Vol. 23, No. 3, 1987.

[5]R. Krishnan, P.N. Materu, “Analysis and design of a
low-cost converter for switched reluctance motor drives,”
IEEE  Transactions on Ind Appl,Vol.29,
No.2, pp. 320-327, 1993.

[6]C. Pollock and B.Williams, ‘Power converter circuits for
switched reluctance motors with the minimum number of
switches, IEE Proceedings, Pt. B, vol. 137, no. 6, pp.
373.384, 1990.

[7] Z_ eljko Grbo, Slobodan Vukosavic’, and Emil Levi,” A
Novel Power Inverter for Switched Reluctance
MotorDrives’SER.: ELEC. ENERG. vol. 18, no. 3,
December 2005, 453-465

[8]M. Ehsani, I. Husain, K.R. Ramani, J.H. Galloway,
"Dual-decay  converter for switched reluctance motor
drives in low-voltage applications,” IEEE Trans. Power
Electron, Vol.8, No.2,pp. 224-230, 1993.

[91 XFelix Joseph, S.Pushpa Kumar, “Design and
Simulation of a Pl Controlled Soft Switched Front End
Converter for Switched Reluctance Motor” International
Journal of Computer Applications (0975 — 8887) Volume
34— No.10, November 2011.

[10] Adel Deris Zadeh, Ehsan Adib, Hosein Farzanehfard
and Seyed Mortaza Saghaian-Nejad, “ New Converter for
Switched Reluctance Motor Drive With Wide Speed Range
Operation” IEEE2™ power Electronics ,Drive Systems and
technologies conference,978-1-61284-421-3/11

[11]P. Bala Koteswararao , J. Hema Sunder, “ A Closed
Loop Speed Control of a Switched Reluctance Motor with a
New Converter Topology” International Journal of
Emerging Technology and Advanced Engineering, Volume
3, Issue 9, September 2013

[12]Muhammad  Rafig, Saeed-ur-Rehman, Fazal-ur-
Rehman,Qarab Raza Butt, “Performance Comparison of PI
and Sliding Mode for Speed Control Applications of SR
Motor” European Journal of Scientific Research ISSN 1450-
216X Vol.50 No.3 (2011), pp.363-380

[13] I. Husain and S. A. Hossain, “Modeling, simulation, and
control of switched reluctance motor drives,” IEEE Trans.
Ind. Electron., vol. 52, no. 6, pp. 1625-1634, Dec. 2005.



