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ABSTRACT

In this paper, the dynamic performance of four pole/phase switched reluctance
motor (4PSRM) is investigated analytically and experimentally. Different
dynamic conditions are considered which include motor starting under load,
step change in load, load perturbation, and a step change in the supply voltage.
A laboratory prototype of 4PSRM has been designed and built. An asymmetric
power converter along with the drive circuit has been designed and built to
excite the motor. A mathematical model of the dynamic operation has been
developed and numerically simulated. Both the measured and calculated results

are found to be in good correlation.

INTRODUCTION

During the last few years, switched reluctance motor (SRM) became a serious
competitive to the other types of conventional well established electric motors.
The importance of SRM is emerged from its capability of providing a high
level performance over a wide range of specifications in a robust form. The
motor has salient poles on both its stator and rotor sides. Stator poles are
wound with simple concentrated coils, while the rotor has no windings of any
kind. By this construction the motor is characterized by its simplicity and
robustness.

The high operating performance of the SRM introduced it to find its way to the
market of electric motor drives and to become a challenge competitive for
certain industrial applications. It can has been used in the battery-powered
vehicles due to its high efficiency and controllability. Its high speed is suitable
for fan, pump and certain types of cutting tools. The high starting torque is
suitable for traction and hoist applications. The robust brushless construction
and good thermal features made the motor attractive for hazardous
environments such as mining and petrochemical industries. The motor
simplicity and its low cost have implications for domestic appliances. Also, its
controllability is suitable for machine tools and robotic systems|[1].
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Torque production in SRM is very simple, where the magnetic flux set-up by
the stator winding tries to pull the rotor poles into alignment with those of the
excited stator phase. One of the important features of the motor is that the
direction of the produced torque is independent of the current direction. This
feature allows the use of a simple unidirectional electronic power converter in
contrast of that used by the induction motor.

The conventional SRM is usually introduced as two poles/phase. Recent
studies were directed to develop other motor configurations, among them is the
motor of four poles per phase. Some studies have been found in literature and

are Ciscussed here.

The SRM of four poles per phase (4PSRM) was introduced and compared with
the conventional SRM from the point view of flux linkage and static torque[2].
Three switched reluctance motors of the same size with 4-phase, 16/12 were
investigated [3]. These motors differ from each other by using steel laminations
of different magnetic characteristics for them and also in their cooling methods.
Good performance was obtained from these motors with the drawback of high
iron losses when they were operated at high speed. This problem can be limited
if lower number of phases is used. A three phase, 12/8 of four poles per phase
SRM was introduced in reference [4] to be used for traction applications. The
steady state as well as the control characteristics were introduced in that work,
to achieve fixed torque levels over the entire speed range. The commutation
interaction on the operating performance of a three-phase 12/8,4-pole, 4APSRM
was introduced in [5]. In that reference the study was carried-out to get the
optimum commutation ratio for maximizing the motor torque. It should be
noted that most of the previous studies were limited to the motor steady-state
operation. The study of the motor dynamics is important to trace the current
and speed changes at starting and load torque or supply voltage disturbances.

In ihis paper, the dynamic performance of 4PSRM is investigated analytically
and experimentally. Different dynamic conditions are considered which include
motor starting under load, step change in load, load perturbation, and a step
change in the supply voltage. A laboratory prototype of 4PSRM has been
designed and built. An asymmetric power converter along with the drive circuit
has been designed and built to excite the motor. A mathematical model of the
dynamic system was also developed. Both the measured and calculated results
are found to be in good correlation.

SYSTEM DESCRIPTION

The system under investigation consists of a 4PSRM, an electronic power
converter, control and gate driver circuits and auxiliary circuits for measuring
the rotor position, speed and motor input current. The different parts will be
illustrated.

The proposed 4PSRM consists of two main parts, the stator and rotor. The
stator is built by modifying a stamped stator of an induction motor to become a
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twelve salient-pole member. This stator is wound with twelve concentrated
coils, where each two diametrically opposite coils are connected in series to
form a branch. Each two perpendicular branches are connected in parallel to

~ form the winding of one phase.

An 8-pole steel laminated rotor has been designed and built for the proposed
‘motor. The number of rotor poles has been chosen to ensure that, there is
always a single magnetic flux path of minimum reluctance for each pole pair. A
cross section of the proposed configuration is shown in Fig 1 in which the rotor
is aligned to phase “A”. The arrows on each stator pole of phase “A” represent
the flux direction when this phase is energized. The motor data are given in the

appendix

In conirast with the 6/4 motor, this configuration is characterized by its small
step angle, short magnetic path and short coil overhang. By increasing the
number of poles per phase the forces are split up evenly around the rotor
periphery. These features are positively reflected on the motor performance.

Fig 1 A cross section of the proposed 4PSRM

Since the developed torque is always independent of the phase current
direction, a unidirectional electronic power converter is sufficient for the
motor. A three-phase asymmetric power converter has been built using six
power MOSFETs of the type IRF450FL The power converter circuit, which is
shown in Fig 2., consists of three independent switch legs, one for each phase.
The upper and lower switches for each leg are switched-on simultaneously to
build-up a phase current pulse. At the end of the phase duty period, the two
switches are turned-off simultaneously to allow the diodes to take over the
decaying current. The phase current is forced to decay rapidly by reversing the
polarity of the dc supply across the phase winding through the diodes.

215



To maintain a positive developed torque, the current pulses should be supplied
to each phase in a sequence related to the rotor position. For this reason it is
important to provide the motor with some form of rotor position detector.
Nevertheless, the rotor rotates in an opposite direction to the sequence of phase
excitation according to the well-known stepper motor principle. In the present
work, a shaft position transducer is implemented using a thin slotted disc
mounted to the rotor and three optocouplers attached to the stator. The three
optocouplers are fixed at space angles correspond to that of the phase windings.
Each switch leg of the power converter is controlled by the signal obtained
from the corresponding optocoupler. By this way, the motor and the power
converter are locked together such that the stator windings are excited with the
appropriate sequence to ensure continuous rotation.

+ve~
S11j< D11 S21 & 17 S31j D31
___Jl_ 7 __L__ D21iK __L_ 7
C ph A ph B ph C
- _orm e ||
-
p12& |E D2&x | pa2x& |
& S12 €y S22 € S32
ve __J|__ _J|_ __J|._..

Fig 2 Power converter circuit

The 4PSRM is mechanically coupled with an eddy current brake to be used as a
mechanical load. The speed signal was recorded using an electronic frequency
to voltage converter circuit designed specially for this purpose. The motor
current was recorded using a Hall effect current sensor. The schematic diagram
for the complete experimental test rig is shown in Fig 3.
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Fig 3 Schematic diagram for the experimental test rig
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MATHEMATICAL MODEL

The analysis of the dynamic operation of the 4PSRM is based on simultaneous
integration of the electrical and mechanical sets of differential equations
representing the system. Since the present system is inherently nonlinear and
operates under the influence of a switched power converter, some effort is
needed for data preparation and tracing the switching actions within the time-

stepping numerical solution.

The system is described mathematically by two sets of differential
equations[6], the first one is the motor electrical equations:

dy, (0,1 .
_ils(_d{k_l_kl ==V, -Ri, €))
where R is the phase resistance, V, is the dc supply voltage, and k=1,2,..q,

where q is the number of phases.
and 6, =6, + (k-1) ¢ )
where ¢ is the step angle expressed in tems of number of phases and rotor poles
(N)), as follows:
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S 3

N, | @
The applied voltage alternates between three different values according to the

switching states. When the MOSFETs are switched-on the applied voltage is
positive and equals the dc link voltage. When the MOSFETS are turned-off

while there is a current still flowing through the diodes, the applied voltage is
negative and equals the dc link voltage. When both MOSFETS and diodes are
turned-off the applied voltage is zero. These different states are represented by
the following expression:
V,=+E for 0 ,=6 <0, _
=—E Ooff Sek Se’ext (4)
=0 8, >0,

€=

where E is the dc supply voltage, 0, is the turn-on angle, 6 is the turn-off
angle, and 6,,, is current extinction angle.

Thus, a positive voltage is applied to each phase for a period equals the
difference of O, and O,,. It is better to express this period with commutation
ratio (CR) which is defined as the ratio of the angle over which the phase
voltage is positive to half the rotor pole pitch angle [7]. Since the ratio of pole
arc to pole pitch equals to 0.5 (for the motor under investigation), the CR can
be expressed as:
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where , is the rotor pole pitch, and B, is the rotor pole arc.

The second set of equations are the mechanical equations:

do 1 & )
'a’t_=“j(‘lsz(ekslk)“T£) (6)
do=w dt @)

where o is the totor angular speed, ] is the moment of inertia of the rotating
parts and T, is the load torque.

The motor dynamic performance can be obtained by simultaneous integration
of the introduced two sets of differential equations. To carry out this integration
process, the relation between the phase current and flux linkage should be
known for different rotor position angles. A family of flux linkage-current data
has been generated according to the following procedure. Two curves
representing the flux linkage current at both unaligned and aligned positions
are obtained from the motor geometry using the method used in[8]. The flux
linkage (0,i) for a phase winding varies cyclically with rotor position 6, thus a
family of flux linkage-current curves are generated at different rotor positions
by the expression[9]:

w@ =L, i+ Tl cos(v o) @®

where L, is the minimum (unaligned) phase inductance, y,(i) represents the
aligned flux linkage current curve, N, is the number of the rotor poles, and 0 is
the rotor position angle. Figure 4 shows these family of curves in a three
dimension view. The resulted flux linkage current curves are rearranged and

stored as a look-up table in the form of i(6,p).

fluxlinkage [wb]

0.4\K

Fig 4 Flux linkage current curves for the 4PSRM

The family of flux linkage-current curves are integrated with respect to the
phase current to obtain the co-energy curves:
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)

W(0,1) = [9(6,i) di
0

8=const

Applying numerical differentiation on phase co-energy curves relative to rotor
displacement, the second look-up table T(6,1) is obtained by:

L. OW(0,i1
10,9 - VD

The calculated static torque curves against both phase current and rotor angle
are shown in Fig 5 in a three dimension view.

i=const

torque [N.m}]

15

rotor angle [deg]

Fig 5 Calculated static torque for the 4PSRM

Numerical integration has been applied to Eqns(1,6,&7) to obtain the
instantaneous values of current, torque, and speed. The flux linkage-current and
torque-current look-up tables have been used to update the current and torque
values after each integration step. Cubic spline interpolation has been used to
obtain the intermediate values from these tables [10].

RESULTS AND DISCUSSION

The system described above has analyzed and experimentally investigated.
Different conditions of dynamic performance are considered, these include
change in load, load perturbation, and increase and decrease in the supply dc
voltage. The analysis and experimental results are given for different
commutation ratios to study the effect of this ratio on the motor dynamics. The
performance has been studied throughout the dc-link current and motor speed.
Since the dc-link current is the instantaneous sum of the excitation pulses of the
three phases, it is considered to be the total current drawn from the dc source.
This explains the noisy shape of the current response observed in the
experimental results.
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Starting Performance

The motor started under a load torque of onc Newton-meter. The analytical
results are shown in Figs 6 to 10 for the different commutation ratios. It is
noticed that the response is faster and the motor settles at higher speed for
higher values of CR up to 0.8. This is because wider pulses are allowed to feed
each phase when the CR is increased. However, any CR higher than 0.8 results-
in a slower response and a lower steady-state speed. This is because much wide
current pulses ,extended to the negative inductance variation, produces a
negative torque component which is subtracted from the positive developed
torque. For this reason the motor speed settles at a lower speed at any CR

higher than 0.8.

The starting performance has been studied only analytically because the
starting current is higher than the motor and power converter ratings. As it is
observed from the current waveforms of Figs 6-10, the starting current is t00
high and increases by increasing the commutation ratio. This because at
starting, the phase current is opposed solely by the low winding resistance.
Switched reluctance motor in this respect is similar to dc motors which should
be started with reduced armature voltage. However, SRM does not need an
external means for regulating the applied voltage at starting, but regulating the
CR at starting is sufficient to reduce the starting current to an acceptable level.

It should be noted that the condensed dc-link current waveforms which has
been represented in this paper consist of a successive current pulses like that
shown in Fig 7. This figure shows the phase voltage, current and dc-link
current waveforms for a short period, about 2 ms, during the steady state. The
phase current pulse increases when the applied voltage is positive. At the end
of the phase duty, the applied voltage becomes negative which results in a fast
decay of the phase current pulse. The dc link current is the instantaneous sum
of the three phase currents.
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Fig 6 Sltarting performance at CR=0.6

220



100

-100

8.001 8.0015 8.002 8.0025

Fig 7 Narrow sector of phase voltage, current, and dc
link current at CR=0.6
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Fig 8 Starting perfomiance at CR=0.7
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Fig 9 Starting performance at CR=0.8
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Fig 10 Starting performance at CR=0.9
Step Change In Load

The motor has been tested for sudden load variations. Figures(11-14) show the
experimental and analytical results when the load torque is changed from 1.0 to
1.5 N.m. It should be noted that there is no stability problem in this type of
motors due to locking the rotor position with the excitation pulses via the rotor
position sensors. As the load torque is suddenly increased, the motor settles at
lower speed and draws higher current. The result is the same for different
values of CR, however, the current and speed levels are different for each
value. This result is a typical for open loop motor and corresponds with the
series characteristics of the 4PSRM[5]. Basically, the motor is capable to
operate under a sudden increase of the load torque. The only restriction on the
load torque is the motor input current which shoud be within the rated value. If
some means of control is implemented, the motor may sustain the load increase
while keeping the current within an acceptable level.
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Fig 11 Dynamic response for sudden change in load torque at CR=0.6
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Fig 12 Dynamic response for sudden change in load torque at CR=0.7
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Fig 13 Dynamic response for sudden change in load torque at CR=0.8
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Fig 14 Dynamic response for sudden change in load torque at CR=0.9
Load Perturbation

Load perturbation is usually encountered by the motor in its different
applications. In the present study a condition is chosen in which the motor is
initially running at steady-state under its full load and then its load torque is
suddenly increased by 50% for a short time. The experimental and simulation
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results are shown in Figs 15 to 18 for different commutation ratios. It is noticed
that, the dc-link current and motor speed values respond to the load variations.
The dc-link current increases with the load increase, while the speed is
decreased, and both of them are returned to thier original values after removing
the cxcess torque. The result is also the same for different values of CR,
however, the current and speed levels are different for each value. '
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Fig 15 Dynamic response for load torque perturbation at CR=0.6
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Fig 16 Dynamic response for load torque perturbation at CR=0.7
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Fig 17 Dynamic response for load torque perturbation at CR=0.8
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Fig 18 Dynamic response for load torque perturbation at CR=0.9

Change In The Supply Voltage
Investigating the effects of the supply voltage changes on the dynamic response
is helpful to study the control characteristics of the motor. The motor operation
has been tested under sudden increase and sudden decrease of the supply
voltage. The experimental and analytical results of sudden increase of the
supply voltage are shown in Fig 19, while those of sudden voltage decrease are
given in Fig 20. In Fig 19 the motor was initially running at steady state with
its full-load of 1.0 N.m and a supply voltage of 70V. The applied voltage is
then increased by 15%. By increasing the applied voltage, the motor current is
initially increased for some transient period and then it decreases to a lower
level comparable to its original value, while the speed increases and settles at a
higher level. Figure 20 represents the case of decreasing the applied voltage by
15%. In this case, the action is reversed, that is the current after the transient
period is approximately the same, while the speed is decreased. It should be
noted that the test was carried out for different values of CR, but the results at
CR=0.8 are only presented. This is the most suitable value for CR as it has
been concluded from the present study as well as a previous study [5]. It should
be noted also that, the switched reluctance motor responds to the voltage
changes in the same way like the dc motor. For this reason it is possible to
regulate the motor speed by changing the motor applied voltage.
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Fig 19 Dynamic response for sudden incraese in supply voltage at CR=0.8
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Fig 20 Dynamic response for sudden decraese in supply voltage at CR=0.8

CONCILUSIONS

In this paper an experimental and analytical study has been carried-out to study
the dynamics of the 4PSRM. The motor starting under load, step change in the
load torque, load perturbation, and step changes in the supply voltage are the
main conditions included in the present work at different commutation ratios.
From the present study, it has been observed that the motor response is similar
to that of the dc motor in two respects. The first is that the starting current is
too high such that the applied voltage should be reduced at starting. The second
is the motor response to changing the applied voltage, which is useful for speed
regulation. In both respects, the 4PSRM is better than the dc machine since it
does not need an external means for regulating the applied voltage but
regulating the CR is sufficient to give the same effect like varying the applied
voltage. The study reveals that 4PSRM cope with sudden changes of the load
torque. The only restriction on the load torque is the motor input current which
shoud be within the rated value. If some means of control is implemented, the
motor may sustain the load increase while keeping the current within rated
value. The study has been carried-out analytically and experimentally and good
correlation has been obtained.
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APPENDIX

The motor data:

number of stator poles 12

nursber of rotor poles 8

number of phases 3

the active iron length 40.9 mm

the stator outer diameter 145.5 mm

the stator inner diameter 85.3 mm
apparent stator pole arc 0.309 rad

net stator pole arc 0.257 rad

stator pole height 16 mm

rotor diameter 84.8 mm

rotor pole arc 0.5 rotor pole pitch
rotor pole height 16 mm

moment of inertia 0.02 N.m.sec/rad
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