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Abstract

SRMs(Switched Reluctance Motors) are much interested in high speed applications due to the mechanical robustness, simple
structure and high efficiency. In spite of many advantages of SRMs, a higher torque ripple discourages the adoption of SRMs
in a high speed application. This paper presents a simple negative torque of tail current compensation scheme using a modified
TSF(Torque Sharing Function) for the high speed SRMs. Because of the short commutation in the high speed region, the negative
torque from the tail current makes the high torque ripple. In order to reduce and compensate the negative torque from tail current,
the proposed control scheme produces an additional compensating torque with a reference torque in the active phase winding. And
the compensating value is dependent on the tail current of the inactive phase winding. Furthermore, the switching signals of the
outgoing phase are fully turned off to restrict the extended tail current, and the torque error of the outgoing phase is compensated
by the incoming phase. The proposed modified TSF control scheme is verified by the computer simulations with 30,000[rpm]
high speed 4/2 SRM. The simulation and experimental results show the effectiveness of the proposed control scheme.
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I. INTRODUCTION

High speed drive systems are much interested in the in-
dustrial application such as blower, compressor, pump and
spindle due to the compact size and high efficiency. In recent,
the demands of high speed drives are much increased due
to the mechanical advantages of high speed system [1]-[4].
SRMs (Switched Reluctance Motors) have simple structure
and inherent mechanical strength without rotor winding and
permanent magnet. These mechanical structures are suitable
for harsh environments such as high temperature and high
speed applications [5]-[11]. Although SRMs have many ad-
vantages for the high speed applications, high torque ripple is
still main problem to be applied to a high speed drives.

For the control of high speed SRM, a simple control
schemes are introduced [2], [11]-[13]. The previously re-
searched methods are very simple, but the motor has high
torque ripple. A simple on/off angle and a constant current
control schemes didn’t consider the non-linear characteristics
of saturated inductance. Furthermore, very short commutation
period can produce the tail current in the outgoing phase
winding, and the negative torque from the tail current produces
an additional torque ripple.

TSF (Torque Sharing Function) control is very simple, but
it uses the non-linear characteristic of the torque to current
of the SRM. With the precise current controller, TSF method
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can produce a constant torque [14], [15]. However, the con-
ventional TSF algorithm cannot consider the negative torque
from the tail current, in the high speed region. When the phase
current of the outgoing phase is not distinguished after the
commutation region, the tail current produces a negative torque
while the tail current is exhausted. In this region, the active
phase winding current produces a positive torque to keep its
reference value. But the total torque has high torque ripple
because of the tail current torque.

And the implementation of the TSF requires a precise rotor
position to calculate the torque and the current reference
during over-lap region.

This paper presents a modified TSF control scheme for high
speed SRM. TSF control can basically consider the non-linear
characteristics of the inductance, so it can produce the flat top
torque during a two-phase torque production region with the
precise torque. If the outgoing and incoming phase currents
can follow the reference values during commutation region,
the total torque of the SRM could be constant. However, the
tail current of the outgoing phase makes an additional torque
ripple in the high speed region. The proposed modified TSF
algorithm considers the negative torque from the tail current,
and the torque reference of the active phase compensates
the negative torque from the inactive phase. Furthermore, the
torque sharing in the over-lap region is divided by two modes.
In the general speed region, the switching of the two phases
is controlled by the torque error, but the switching signals of
the outgoing phase are limited in the high speed region to
reduce the tail current. The outgoing phase is fully turned off,
and the torque error of the outgoing phase is compensated
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Fig. 1. Inductance and torque profiles of conventional 4/2 SRM.

by the incoming phase during over-lap region. To implement
the proposed control scheme, rotor position is obtained by
the contactless magnetic sensor. The magnet is inserted in the
shaft, and flux detecting sensor is located in the opposite side
of the magnet with air gap, to bear in high speed.

The proposed control scheme is tested in the 4/2 SRM which
is designed for air-blower, and the target speed is 30,000[rpm].
The proto-type high speed 4/2 SRM has asymmetric induc-
tance profile to extend the positive torque region which is
useful for the unidirectional application such as blower.

In order to verify the performance of the proposed control
scheme for a high speed drive, computer simulations and
experimental tests are implemented.

II. PROTO-TYPE 2-PHASE 4/2 SRM

SRM has been researched in various applications. Generally,
4/2 and 12/8 SRMs are applied to many industrial applications.
In high speed applications, 6/2 and 4/2 SRMs are used because
of less core losses and simple structure of power circuit.
But core losses are a function of electrical frequency. And
switching loss in power semiconductor is proportional to
switching frequency, Therefore, the high electrical frequency
is cause of increasing power losses in the system. With a
given speed, electrical frequency in SRM is proportional to
the number of rotor poles. In order to reduce power losses in
high speed drives, number of rotor poles should be selected
as low as possible.

As shown in Fig. 1, conventional 4/2 SRM has asymmetric
inductance profile and positive torque can be produced in
rising slope of inductance. There are some positions where
overlap region between motoring regions of two phases is
blank, i.e., dead zone. In these blank regions, there is no
driving torque by the motor. When rotor position is located
in the dead zones, self-starting cannot be realized. And it also
has serious vibration because of high torque ripple.

In order to obtain a continuous torque with overlap region,
the rotor pole arc is wider than the stator pole pitch. The output
torque is dependent on the reluctance of the magnetic circuit
which is dominantly determined by the air-gap between the
stator and rotor pole. Dissimilar to the stepper rotor type, the
continuous non-uniformed air-gap rotor is considered to reduce
torque ripple around the stepper region in the proposed 4/2
SRM. And, the continuous non-uniformed air-gap is optimized
by the FEM analysis according to torque ripple. The output

Stator

Fig. 2. Initial model for optimization.

torque is estimated by the FEM analysis according to the air-
gap variation. And the optimization algorithm determines the
output torque which is analyzed by the FEM is proper or not.
In order to satisfy the design goal, the optimization algorithm
changes the air-gap. In order to optimize the air-gap, the outer
radius of rotor is described by the radius and angle data in
polar coordinate (7, @) which is fixed to rotor.

Fig. 2 shows the initial model of the optimization of the
rotor shape and optimization process. As shown in Fig. 2, the
envelope of rotor pole is divided by n-nodes. The outer radius
of rotor is connected to each node which is coordinated as
radius and angle. In each node, air-gap can be obtained by the
inner radius of stator pole and outer radius on each node. At
the initial condition, the output torque is calculated by FEM
analysis. Then, the torque data is compared with the desired
value and restriction condition of torque ripple. If the torque
ripple is higher than the desired condition in the optimizing
node, radius of the node is adjusted to match the condition. If
the torque ripple is satisfied with the condition, the next node
is optimized shifting angle, A¢.

The various air-gap at k-th node is determined by the ry —r;.
And the k-th radius ry is changed to reduce torque ripple in the
limited band. At the k-th node, output torque is higher than
the desired one, radius r; is decreased to reduce the output
torque. And, if the output torque is lower than the desired
one, the radius r; is increased to satisfy the output torque.
The maximum radius is limited by the minimum air-gap.

Fig. 3 shows a flow-chart for the rotor shaped optimization
in the proto-type design algorithm. In the Fig. 3, the initial
conditions are minimum air-gap, accepted torque error T,.[%]
according to average torque 7y, node numbers and shift step
angle A¢@. In this paper, node numbers and shift step angle
1[deg] and accepted torque error is set to 2[%]. The rated
output torque is set as 0.2[Nm] for 600[W] high speed air-
blower system.

In general, fringing flux, when rotor was optimized at k-th
node is being optimized. It means that optimization of next
nodes will change previous torque which was calculated in
previous step. Because air-gap flux dominates fringing fluxes,
the fringing effect can be ignored. And optimization of nodes
is treated to be independent each other.

Fig. 4 and Table I show the proposed proto-type high speed
4/2 SRM and its specifications. The SRM is designed for a
high speed air-blower which has 30,000[rpm] rated speed.
Different from the conventional SRM, the proto-type motor
has wide rotor pole arc and non-constant air-gap to produce
a wide, constant positive torque region. The non-constant air-
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gap is optimized to reduce torque ripple during the positive
torque region. As the motor is designed for air-blower, so the
motor is operated in one direction.

Fig. 5 shows an analyzed torque profile of the designed
SRM and torque comparisons with a conventional SRM. As
shown in Fig. 5, the designed 2-phase SRM has an asymmetric
inductance characteristic which can produce wide positive and
short negative torque region. With a consideration of saturation
effect, the proposed motor is optimized at 7[A] of phase
current which is the rated current of the motor. In the heavy
load, torque ripple around middle of rotor pole is increased by
saturation effect. However, the torque ripple of the designed
motor is very low compare than a conventional SRM shown in
Fig. 5(b). As shown in Fig. 5(b), a conventional 4/2 SRM has
torque dead-zone where the motor cannot be self-started, and
the high torque ripple is produced in the stepper type SRM.

In a high speed drive, high resolution optical encoder can
not be used due to the electrical dynamics and mechanical
problem of the encoder. In this paper, contactless magnetic
position sensor is used to detect the precise rotor position.
The permanent magnet is inserted to the end of shaft, and
magnetic senor detects the flux of the magnet in the opposite
position with a air-gap. It can detect the rotor position without
mechanical friction with the 1024[ppr] resolution.

III. PROPOSED MODIFIED TSF CONTROL SCHEME
A. Conventional TSF Control Scheme

TSF algorithm is very effective torque control scheme for
the SRM. It uses a simple torque sharing function in the
phase over-lap region and the relationship between torque and
current.

Fig. 6 shows the conventional TSF control scheme for the
SRM. As shown in Fig. 6, the torque over-lap region is defined
as the starting position of the inductance. During the torque

Stator
w—
= \
Rotor

(a) Dimensions.

Windings

Magnetic Sensor

(b) Rotor. (c) Magnetic encoder.

(d) Stator.
Fig. 4. Proto-type high speed 4/2 SRM.

(e) Assembled SRM.

TABLE 1

SPECIFICATIONS OF THE PROTO-TYPE 4/2 SRM
Parameters Value
Rated output power 600 [W]
Rated torque 0.2 [N.m]
Rated speed 30,000 [rpm]
Rated current 7 [A]
Number of stator poles 4
Number of rotor poles 2
Bore diameter 30 [mm]
Outer stator diameter 80 [mm]
Stack length 30 [mm)]
Minimum air-gap 0.25 [mm]
Stator pole arc 46 [Deg.]
Rotor pole arc 102 [Deg.]
Rpn 0.5 [Ohm]
L, (unaligned inductance) 2 [mH]

over-lap region, two phases are activated to produce total
torque, and only one active phase produces output torque
exception over-lap region. The torque sharing function during
over-lap, a simple cosine and linear fucntion can be used.

The torque reference during one-phase mode of the each
phases is defined as follows.

f;(k) = Tnj

x 1
fT(kfl) =0 M

And the torque commands during commutation are defined
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Fig. 5. Inductance and torque characteristics of the proposed 4/2 SRM.
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Fig. 6. Conventional TSF using cosine function.
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as follows in the cosine TSF.
Om — eon(k) T
Sr00 = |1 —cos =T
®) Oofrk—1) = Oonr) 2 (2)

f;(kfl) = l_f7*‘(k)'

Where, 6,,, is rotor position. The 6,,) and 6,771 are
turn on and off angle of the incoming and outgoing phase,
respectively.

The each torque references are changed to the current ref-
erence to produce the reference torque with the considerations
of non-linear torque characteristics. The the controlled current
can keep the reference torque.

However, the practical current cannot be kept the reference
value due to the short commutation time in the high speed
region. So, the tail current which is extended to the negative
torque region, produces negative torque when the phase is
inactive. From this tail current, the total torque of the high
speed SRM has high torque ripple. Fig. 7 shows the effects of
the tail current in a high speed region.

If the outgoing phase is fully turned off, the demagnetization
time and angle variation of the outgoing phase can be derived

as follows. ) .
La(ean(k)ﬂ l(k)) 'Im
Vdc
A8y = @y - Aty

Aty 3)

“4)

Where, ®,,, is the motor speed, and V;. is dc-link voltage
which is supplied during the demagnetization.

When the angle variation during demagnetization time of
the ougoing phase is over than the commutation angle 6,
the outgoing phase produces the tail current.

B. The Proposed Control Scheme for the High Speed SRM

In order to compensate the torque ripple from the tail
current, the modified TSF control scheme is proposed in this
paper. The proposed TSF has compensating torque block in
the active phase.

And the compensating torque can reduce the torque ripple
from the negative torque of the inactive phase in a high speed.
In order to reduce the tail current during commutation region,
the switching signal of the outgoing phase is fully turned off. If
the phase current is not extended to the negative torque region,
the switching patterns of the each phases are determined by
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Fig. 8. Proposed modified TSF control scheme.

the torque errors during commutation region. However, the
swtching signals of the outgoing phase are fully turned off,
when the demagentization time is over than the designed
commutation angle to reduce the negative torque from the
tail current. And the torque error of the outgoing phase is
compensated by the incoming phase current reference. After
the commutation region, the negative torque of the outgoing
phase is compensated by the compensation torque of the active
phase.

Fig. 8 shows the block diagram of the proposed TSF
control scheme for a high speed region. Compare with the
conventional TSF method shown in Fig. 6(b), it has torque
compensators and PWM limit signals.

In the Fig. 8, T}, and T; are the compensatng torques for
the negative torques from the tail current. In this paper, the
compensating torque is simply calculated without any control
gains as follows.

Toy =T — T 5)
;;3 = Tm*A — Tna

Where, T, and T, are torque references of the each

phases. And the 7,,, and T, , are the estimated torques which
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(a) Look-up table of the torque estimator.
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(b) Look-up table of the current reference.

Fig. 9. The torque estimator and current reference of the proto-type SRM.

are calculated by the look-up table according to the actual
phase current and rotor position. In order to make the look-up
table for torque estimator, the torque data are saved according
to the 0 to 13[A] with 1[A] and 1[deg.] scale. So, the look-up
table has 14x90 array data. The other data are determined by
the data interpolation technology.

The EN4 and ENp are the enable signals for the compensa-
tion controller. The activation signal is determined as follow.

if ((Bon(a) < Brm < Opn(s)) AND (A8 > 6,1)) then ENy = 1
else EN4y=0

The Current Reference block in Fig. 8(b) is designed as
look-up table whose data are defined by the reference torque
and rotor position with the non-linear characteristics of the
proto-type SRM. Fig. 9 shows the torque estimator and current
reference data which are used in this paper. The current
controller is designed by the PI controller in this paper.

IV. SIMULATION RESULTS

In order to verify the proposed control scheme, computer
simulation is implemented. The simulation model is designed
by Matlab Simulink. The inductance and torque of the sim-
ulation model are designed with FEM analysis data. An
asymmetric power converter and hysteresis current controller
are used in the simulation. The current controller has 25[us]
sampling time. And the current is directly feedback to the
controller.

Fig. 10 shows the compared simulation results in the
conventional TSF and the proposed control scheme at
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Fig. 10. Compared simulation result at 10,000[rpm].

10,000[rpm]. As shown in Fig. 10, the simulation results of the
proposed type is marginally improved, and the torque ripple is
almost same due to the a low tail current. In the 10,000[rpm],
the negative torque is very small and the compensation effect
is not much. The output torque of the high speed SRM can
be controlled well by the TSF control scheme.

Fig. 11 shows the compared simulation results at
30,000[rpm]. As shown in Fig. 11, the torque ripple of the pro-
posed control scheme is much reduced than the conventional
one. The torque ripple of the conventional TSF is very serious
after the commutation region due to the negative torque from
the tail current of the outgoing phase winding. However, the
proposed control scheme can compensate the negative torque
with the active phase torque.

V. EXPERIMENTAL RESULTS

In order to verify the proposed control scheme, practical
experiments are implemented. The proto-type SRM with heavy
load fan is used in the experiments.

DSP controller designed by TMS320F2811 and asymmetric
converter with power FET and diodes are used. The rotor
position is detected by the contactless magnetic sensor which
has 1024 pulse per revolution.

Fig. 12 shows the compared experimental results according
to the control schemes at 10,000[rpm] and no-load. In the
conventional PI current controller shown in Fig. 12(a), the
phase currents are well kept the reference value, but torque
has ripple because of the non-linear inductance characteristics.
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Fig. 11. Compared simulation result at 30,000[rpm].

With the conventional cosine TSF shown in Fig. 12(b), phase
current can compensate the non-linear torque and constant
torque can be achieved. In the proposed control scheme,
the torque control performance is similar to the conventional
cosine TSF. Because, the outgoing phase current can be
exhausted during the commutation region, in the low speed
and no load.

Fig. 13 shows the experimental results at 30,000[rpm].
As shown in Fig. 13, the current of outgoing phase is not
exhausted in the commutation region. And the tail current
produces torque ripple as shown in Fig. 13(a) and 13(b).
In the proposed control scheme, the incoming phase current
can compensate the negative torque from tail current, and the
torque ripple can be much decreased as shown in Fig. 13(c).

Fig. 14 shows the experimental configurations of a practical
air blower test. Fig. 15 and 16 show the experimental results
with a practical heavy load fan. The fan load is increased
according to the speed. In the 10,000[rpm], output torque of
the conventional cosine TSF shown in Fig. 15(a) is similar to
the proposed control scheme as shown in Fig. 15(b). In this
speed and load, the demagnetization current can be controlled
during commutation region. However, when the speed and load
are increased, the tail current which is extended to the negative
torque region produces high torque ripple as shown in Fig.
16(a). As a results, the torque ripple of the conventional TSF
scheme is high. The compensation current can suppress the
negative torque as shown in Fig. 16(b).
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Fig. 12. Compared experimental results (At 10,000[rpm]).

VI. CONCLUSIONS

High speed SRM has high negative torque for the tail
current by a short commutation. TSF control algorithm is
very effective for the torque ripple reduction due to the
consideration of the non-linear inductance.

This paper presents a modified TSF control scheme for a
high speed SRM. The proposed TSF control scheme has a
simple torque compensator to compensate the negative torque
from the tail current in a high speed region. The active phase
produces an additional current to compensate negative torque
of the inactive phase. From the compensation torque of the
incoming phase, the negative torque of the outgoing phase
can be compensated. The torque ripple due to the tail current
can be reduced by the proposed control scheme in the high
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Fig. 15. Experimental results of heavy fan load (At 5,000[rpm]).
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Fig. 16. Experimental results of heavy fan load (At 10,000[rpm]).

speed.

The proposed control scheme is simulated and tested with
the practical proto-type high speed 4/2 SRM. From the sim-
ulations and experiments, the proposed control scheme can
suppress the torque ripple, and the actual speed can well keep
up with the reference speed.
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