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Abstract - Due to its special structure, the shaft radial force and
torque of switched reluctance motor can be separately controlled
by proper selection of pole currents. When all the pole currents
are controlled independently, it is possible to produce the
required radial force to cancel the existing radial force caused by
non-uniform air gap or external load, and consequently motor
vibrations can be reduced. In this paper, a radial force control
scheme which use single or two phase sinusoidal excitations for
12/8 pole SRM is proposed. The pole currents of the conduction
phase are energized with phase-shifted sinusoidal currents.
Depending on the requested radial force and motor torque, the
phase with descending-inductance may also be energized to
increase radial force production. The requested force and torque
are synthesized from the force and torque produced by these
phases. The proposed scheme was verified with finite-element
analysis and experiments.

Keywords — SRM, radial force control, sinusoidal current.

1. INTRODUCTION

The net radial force in switched reluctance motor is
generally zero due to the geometrically balanced motor
structure. Unbalanced radial force acting on a rotor shaft is
undesirable since it causes motor vibrations. However, in the
applications where the external load is not balanced, or when
the rotor is not centered causing a non-uniform air gap, shaft
radial force exists [1-3]. For most motors radial force can not
be changed after the motor is assembled, and the force will be
absorbed by the bearing and the load connected to the rotor.
However, due to its special structure and the way torque is
produced SRM offers a unique opportunity for controlling
shaft radial force without disrupting the normal rotational
torque. It is possible to produce the required radial force to
cancel the forces due to non-uniform air gap or external load,
and consequently motor vibrations can be reduced.

Several methods have been proposed to produce controlled
radial force for SRM. A radial force and torque decoupling
control scheme has been proposed for ‘self-bearing’ control of
a 12/8 pole SRM [4-7]. In the motor each stator pole contains
a main and an auxiliary winding. The main winding is used to
control the motor torque. The auxiliary winding produces
radial force for rotor levitation. There were a number of
reports that discussed using sinusoidal current waveforms to
control SRM. For example, the vector control scheme
commonly used in the ac motor drives was adopted to control
a three-phase SRM [8-9]. However, their objectives were
mainly for torque ripple reduction and not radial force control.

Recently, a scheme which used single-phase sinusoidal
excitation to control radial force of SRM was reported [10].
The main drawback of this scheme is that the maximum
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attainable radial force is limited by motor torque. In particular,
only small radial force can be produced when the motor is
lightly loaded. Another scheme proposed to energize six poles
in a 12/8 pole SRM in order to control motor torque and radial
force simultaneously [11]. In this scheme, motor torque was
controlled with the conventional method, i.e. all the poles in
the conduction phase were excited with the same current to
produce the desired torque. Two additional poles in the phase
with descending-inductance were excited to produce the
required radial force for rotor balancing control.

In this paper, an improved radial force control scheme
based on the scheme presented in [10] for 12/8 pole SRM is
proposed. The iron saturation effect was ignored; mutual
inductances between stator poles are included in the analysis
to improve accuracy of the model. In the conduction phase,
the pole currents are energized with phase-shifted sinusoidal
currents. Depending on the requested radial force and torque,
the controller selects either single- or two- phase excitation.
The requested force and torque are synthesized from the force
and torque produced by these phases.

II. TORQUE AND RADIAL FORCE MODEL

Figure 1 shows the schematic of a 12/8-pole switched
reluctance motor. Only the phase 4 windings are shown, its
pole currents are designated as iy, i4, i43 and iy,
respectively, and 6, is the rotor angle in a conduction period.
The aligned position is defined as 6, = 0°. Because the motor
stroke angle is 15 mechanical degrees (M), with no
advancement @, is between -15°M to 0°M for motoring
operation. Consider the attraction force produced at pole 47, a
schematic illustrates this force is shown in Fig. 2, the
magnetic flux passes through the overlapped area and the
non-overlapped area due to fringing, the inductance can be
modeled as

)

2
VDR

g
where 4, is the permeability of air, K is a constant for the
fringing inductance, N is the number of turns, D is the stack
length, R is the rotor radius, g is the air gap length, 6, and 6,,
are the overlapped and the non-overlapped angles,
respectively. 6, and §,, are functions of 6. A coordinate
system is attached on each stator pole to assist the attraction
force analysis.

Let the amplitude and angle of the attraction force for pole
Al be F4; and 8, respectively, as shown in Fig. 2. Fy; is
proportional to square of the pole current and varies with 6,
since L, is a function of the rotor angle. Therefore, the

Ly (1)
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perpendicular and the parallel force component with respect
to the pole A/ tooth can be expressed respectively as [11]

.2

Fyp x =Kpiycosby ()
2

Fup y =Kp iy sinby 3)

where K = L,/4g, and 6, can be approximated as

6,

05 =90° +—1 K ()

¢ 0, +K e

where K, is a constant. Note that 8,, is positive when the
rotor is in the ascending inductance region and negative when
in the descending inductance region.

Because F,; y deviates from the tangent of the rotor pole
slightly, rotor torque cannot be calculated from Eq. (2)
directly. Let the deviation angle be ,, then the torque
produced by pole 47 can be expressed as

.2
TA] Z—KF lA]COS(9¢+9p)R (5)
where 6, is a non-linear function of rotor position. 6, for the
SRM used in this paper is shown in Appendix A.
When all of the poles in phase A are energized, the net
radial force can be found via the vector sum of the forces

produced by all poles. The amplitude and phase of the net
radial force can be expressed as

F=Kp(6,+K ;)\ (D1-D3Y +(D2-D4) (6)

6, —tan”! LR sin@y (D2 —D4)+cos6,(D3-D1) )
: sin@y(D1-D 3)+cos0,(D2-D4)

X
where

Kopa. . . .
) iglig +ig3—iga)s

2 Kaa . o . . .
D]:lfu+ ;AZAJ(ZAZ—ZA3+ZA4):D2:ZIZ42+

. Kona . S . . Koa . ¢ . .
D3=ij+ 2A iga(-iq +igyting)s DA=igy+ 2A iaalig =i +ig)
and K, is a constant of mutual inductance for phase A.
Because both the self inductance and mutual inductance
contribute to the radial force production, Eq.(6) contains
cross-coupling terms for different pole currents. Similarly, the
net motor torque can be found by summing the torque
produced by each pole, and can be express as
T=-Kp(DI+D2+D3+D4)0, +K 4 )cos(@s —6,)R (8)
It can be seen from Eqgs. (6)-(8) that if the rotor angle effects

are compensated for, then F, and T can be manipulated with
proper selection of iy~ iyq.

III. SINGLE-PHASE SINUSOIDAL EXCITATION

Let phase 4 be the conduction phase in the analysis. Since
the polarities of the winding currents have no effect on the
motor torque and radial force, it is convenient to express the
sinusoidal pole currents as [10]

iA] = C+KCOS9f
iAZ = C+Ksin9f
iy3=C—-Kcosb
/ ©)
iA4 = C—Ksme
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where 6, K, C are the angle, amplitude, and dc offset of the
currents, respectively. These are unknowns to be determined
for the desired radial force and toque. Substituting Eq. (9) into
Eqgs. (6)-(8), the radial force and torque become

F, =4KC-Kp (60, +K 4 NI +K,.4/2) (10)

T = 4K (6, + K s )cos(8, -0, R(1+ K,y 2)C2 + K 212) (11)

Rearranging the above equations such that the rotor angle
dependent terms are moved to the left side, and define ir and
ir as follows:

.2 F,

= = 4KC 12
F K 0, + K I+ Kt 2) (12)
i7 = a
T4k (0, +K 4 )cos(0, — 6, R+ K ,4/2)

=C’+K°n (13)

It can be seen that F, is a function of 8. and is proportional to
i, therefore ir can be considered as a force producing
current. Also, since T is proportional to iTZ, ir can be
considered as a torque producing current. The above
equations can be used to solve for the currents which produce
the requested radial force and motor torque.

Let F,, Hfr*, and 7" be the requested radial force, force
angle, and motor torque, respectively, then from Eq.(12) the
requested force producing current is

*
KD F

iy = L 14
P Kel6, +K 5 N1+ K,002) (14)
From Eq.(13), the requested torque producing current is
5 T
i7? (15)

- 4KF(90 +Ker1+KmA/2)COS(9¢_9P)R

and from Eq.(7), the angle of the excitation currents is set as
follows for the correct force angle,



Ouo

9, =% —— w0
f Jr 90

+qur K gng (16)

Equations (14)-(16) convert F,, Bﬁ* and T "into ir 2, iy * and g

respectively. These conversions require motor position
information. Since ir° and iy’ can also be expressed
respectively as
iy’ =4KC (17)
2 =(c?+x222) (18)

Solving these equations simultaneously for C and X yields

.*2+ .*4_ 1/8*4
oo tyir —(1/8)ip (19)

2

kD

lr
K=-f£_ 20
4C 20)

Since K must be less than or equal to C so the resulting
currents are sinusoidal, i is limited by

R 8 R
ip 5\/; T (2]

In addition to this limitation, all pole currents cannot exceed
the maximum current of the motor. This limits the maximum
attainable radial force. Also, Eq. (15) cannot be performed at
the aligned position since the denominator is zero. Therefore,
phase commutation must occur before the aligned positions.

IV. VERIFICATION WITH FINITE ELEMENT ANALYSIS

Figure 3-4 show the finite element (FE) verification of the
SRM under single-phase excitation. The parameters of the
SRM can be found in Appendix A. Note that the force current
is limited by the maximum motor current (i), and ir is
limited by the rated torque current (i7_,4eq). In this SRM, i
and i7 ,qeq 18 4.9A and 3A, respectively. i, is considerably
greater than iz 4., SO that the motor can produce radial force
while delivering the rated torque.

Figure 3 shows the results when phase A4 is excited with iy
= i7_rated> Ir= Imax (pole current i also = i,,), and & varied
from 0 to 360°. This is the extreme case since the rated torque
and the maximum radial force is produced. Figure 3(a)-(c)
show the pole currents, motor torque, and radial force,
respectively, for various 6. It can be seen that the direction of
the radial force coincides with the current angle, and decrease
as 6. moves away from the aligned position. Motor torque is
nearly constant regardless of g-and ., however, no torque is
produced at the aligned position. Figure 4 shows the currents
and radial force when 6=0° and i;7=100%, 67%, and 33% of
iT_raea- 1t can be seen that the radial force decreased as ir
decreased. This is because the maximum ir is limited by ir, as
shown in Eq. (21).

The shaded area in Figure 5(a) shows the allowable
operating ir vs. ir. Since radial force and torque are functions
of rotor angle, the allowable radial force and torque for a
specific rotor angle can be found by substituting the currents
in the shaded area of Fig. 5(a) into Egs. (19)-(20) for C and K,
and then use them and Eqgs.(10)-(11) to solve for F, and 7.
Figure 5(b) shows the resulting F, vs. T for various 6. As
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Figure 3. Radial force and toque calculated with FE under single-phase
excitations, i7=ir_rated, IF= imax, 6 varied from 0 to 360°, §=0°,-7°, and -14°,
respectively, (a)iq~i4 , (b)torque, (c)radial force.
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Figure 4. Radial force calculated with FE under single-phase excitations, i;7=
33%, 66%, and 100% i7_area, respectively, @ varied from 0 to 360°, 6. = 0°,
(a)iqs, (b)radial force.
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Figure. 5 Operating range of the SRM under single-phase excitations for
various 6, (a) ir vs. ir, (b) F, vs. T.

shown in this figure, the operating area forms a triangle for
each rotor angle. The 6=-14° triangle is shaded for easy
visualization. Notice the peaks of the triangles are the
maximum force points, at these points iz = i7_ureq aNd iF= gy
Increase i beyond this point reduces the maximum available
force. The maximum force increased as the rotor moved
closer to the aligned position. The triangle for 6= -1° has the
largest force but the smallest torque range. The available
radial force for 6. = -14° is approximately 23N as the motor
delivered the rated torque.

The ability of radial force production under single-phase
excitation is affected by: a) rotor position, a larger radial force
can be produced near the aligned position, but significantly
less force is available when the rotor is away from the aligned
position, and b) motor torque, available radial force is
proportional to the motor torque.

V. TWO-PHASE SINUSOIDAL EXCITATIONS

A two-phase sinusoidal excitation scheme is proposed to
improve the achievable radial force. In addition to the
conduction phase, in which the inductance is rising, the



descending-inductance phase is also energized. Both phases
are excited with the single-phase scheme presented in the
previous section. The requested radial force is supplied by the
conduction and the descending-inductance phases separately.
Because the descending-inductance phase produces negative
torque, the conduction phase is commanded to produce the
requested as well as the torque needed to cancel this negative
torque.

A schematic illustrating the relationship between the force
and torque produced by the energizing phases is shown in Fig.
6. In the figure, m-phase represents the conduction phase and
n-phase represents the descending-inductance phase. The
force and torque commands for these two phases can be
expressed respectively as

Foy = (1= Ry )F; (22)
T, =(I+Rp)T* (23)
F, =RpF; (24)
T, =R;T" (25)

where Ry and Ry are the force and torque scaling constant,
respectively. Note that 7, is negative and the net torque is 7.
Use Egs.(14)-(15) to convert F,” and T to the force and the
torque producing currents, the above equations can be
rewritten as

i = (1= Rp )ifs, (26)
i =1+ Ry )iz, (27)
ivr = RriFy (28)
iy = Rrig, (29)

where iy, , ip, and ir, , iy, are the force producing
currents and the torque producing currents for m- and n-phase,
respectively, and the corresponding scaled currents are
denoted as iy, ifyy»and iz, ir,. . Because the relative

rotor position for these two phases is different, the converted
ir and iy are also different.
As mentioned in the previous sections, i must be less than

or equal to +8/3iy for valid sinusoidal currents. For

convenience, ir is set t0+/8/3 i for both phases, i.e.

i;’mr =~8/3 i;mr (30)
i}k’nr =~8/3 i;nr (1)

Substituting these conditions into Egs.(26)-(29), Rr and Ry
can be found as

_ (3/8)(i;mi;n )2 _ (i;mi;n )2
Ry = : (32)
it | + i)
RF — (i;mi;n )2 _ (8/3)(i;mi;n )2 (33)

(iFmiTn ) + (iTmiFn )
Once Rr and Ry are found, the scaled currents can be
calculated with Egs.(26)-(29). Then, by using Egs.(19)-(20)
the coefficients of the sinusoidal currents can be found.
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Figure 7 shows the FE verification of the SRM under two-
phase excitation. In this figure, the rotor position is set to -14°
in phase A, torque command is 0.1Nm, and the radial force
command is set to 15N, 30N, and 45N, respectively. A small
torque command is used so that the requested radial force
cannot be produced by phase A4 along. Figure 7(a) and (b)
show i3 and ig;, respectively, (c) and (d) show the calculated
torque and radial force, respectively. Note that iy;and ig;are
not in phase since the relatively rotor angle has 15°M phase
shift. It can be seen that the calculated radial forces are very
accurate in spite of the rotor is near the un-aligned position
and the torque is small. However, the torque has considerable
errors; these errors are largely due to the modeling errors in
the control scheme.

T~ md -

Figure 6. Force and torque for two-phase excitation.
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Figure 7. Radial force and toque calculated with FE under two-phase
excitations, 6, = -14° in phase 4, T"=0.1Nm, F,"=15N, 30N, and 45N,
respectively, (a) i3, (b) is3, (c) torque, (d) radial force.
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Figure 8. Operating range ( F, vs. 7) of the SRM used two phase sinusoidal
excitations for various 6,



Figure 8 shows the allowable operating range for the
two-phase excitations. In the figure, F, vs. T plot for 6. equals
-1°, -3° -7°, and -14°, respectively, are shown. The operating
area of each rotor angle forms a rectangle. Because in the

two-phase excitation iy is always set tov/8/3 ir, the bottom

side of each rectangle coincides with the upper side of the
corresponding triangle shown in Fig.5. Excitation of the
second phase enables production of significantly greater radial
force when small torque is requested. Because the operating
area of the two-phase excitation extends, with no overlapping,
the operating area of the single-phase excitation, the
two-phase scheme can be utilized only when the single-phase
excitation is unable to produce the requested radial force.

VI. CONTROL SYSTEM

Figure 9 shows the block diagram of the proposed radial
force control scheme. The SRM is controlled with a speed
loop. Torque command 7" is generated by the motor speed
controller, and F,” and its direction is produced by a
procedure relates to the application of radial force. The
flowchart shown in Figure 10 determines whether single- or
two- phase excitation should be used based on the requested
torque and radial force. Equations (14)-(15) and 6 are
required in this process.

After the excitation method is determined, the current
commands can be calculated. Figure 11 depicts the procedures

for calculating current commands for the two-phase excitation.

The equations needed for the calculations are also shown in
the block diagrams. Note that in the case of single-phase
excitation, the calculation procedures are similar except the
n-phase and the scaling are ignored.

VII. EXPERIMENTAL RESULTS

The control scheme presented in the previous sections was
verified experimentally. The parameters of the SRM are
shown in Appendix A. Figure 12 shows the experimental
setup. The stator was placed vertically on a platform. The
upper end of the rotor was connected to the housing via a
universal joint and a bearing. An ac motor was mounted on
top of the rotor shaft to provide load to the SRM. Four load
cells were mounted on the lower end of the rotor to measure
the radial force produced by the motor. The measured signals
are filtered with low-pass filters. Each pole winding has its
own current control loop. A DSP was used to perform all of
the current, speed, and radial force controls. Hysteresis
control action was used for current controllers. The current
and the radial force controls were executed at 18.4 kHz, and
the speed control was executed at 4.6kHz. The phase
switching angle was advanced 1°M in order to avoid
execution of Eq. (15) at the aligned position.

Figure 13 shows the radial force and phase 4 currents when
the SRM was at standstill and under single-phase excitations.
Load torque was 1Nm, rotor position 6, was at -14°, and the
force command was set to 30N and rotating at 1Hz. It can be
seen that only about 23N radial force was produced instead of
30N. This is because the motor was unable to produce the
requested force when 6, was far away from the aligned-
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position with the single-phase excitation. Note that since ir
was approximately ir ... (3A) and the pole currents were at
their maximum value i,,,,, the motor was operating at the peak
point of the 8. =-14° triangle shown in Fig. 5(b).

Figure 14 shows the radial force, iy; and ig; when the SRM
was at standstill and under two-phase excitation. Load torque
was set to 0.1Nm, @, at -14°, and the force command was set
to 15N, 30N, and 45N, respectively. It can be seen that with
the two-phase excitation, the motor was able to produce the
requested radial force even though 6, is far away from the
aligned-position and the torque is small.
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Figure 15 shows the radial force and phase 4 currents when
the motor was running at 100 rpm and under 1.0Nm load
torque. The force command was set to (a)ON, (b)15N, and
(c)45N, respectively, and rotating synchronously with the
rotor. Note that in Figs. 15(a) and (b) single-phase excitation
was used since ir* did not exceed its limitation. However, Fig.
15(c) used two-phase excitation since ir* for 45N is greater

than+/8/3 i . It can be seen that in all the cases, the measured

radial force were very closed to their commanded values. The
ripples in the force waveforms were caused by phase
commutations, and the distortions were mainly due to the
rotor eccentricity and un-symmetric structures. Figure 16 and
17 show the results when the SRM was running at the same
operating conditions as that in Fig.15 except the motor speed
was 500 and 1000rpm, respectively. It can be seen that the
motor was able to produce the requested radial force.

Figure 18 shows (a) radial force and (b)i,; current (c) speed,
when the controller switched from single- to two-phase
excitations. The motor was running at 500 rpm under 0.3Nm
load torque. |F,*| was set to 15N rotating synchronously with
the rotor initially, and then step changed to 45N at time =
0.5sec. A small load torque was used so that the two-phase
excitation was required for 45N force. It can be seen that the
radial force increased to 45N smoothly. Motor speed was
virtually unaffected by the step change of the radial force.

Figure 19 shows the results of varying the radial force
frequency when the motor was running at 500 rpm and under
0.3Nm load torque. The radial force command was set to 45N
and its frequency was set to (a)0Hz and directed toward 45°,
(b)4Hz, (c)8Hz, and (d)16Hz, respectively. Note that due to
large radial force demands, two-phase excitation was always
used. It can be seen that the motor was able to produce the
requested radial force effectively. The waveform shown in
Fig.19(d) was much smoother than the other waveforms due
to the filtering of the measured signal.

VIII. CONCLUSION

A 12/8-pole SRM under single-phase and two-phase
sinusoidal excitations were analyzed in this paper, and a
scheme to separately control radial force and motor torque
was proposed. The iron saturation effect was ignored; mutual
inductances between stator poles are included in the analysis
to improve accuracy of the model. It is found that when the
conduction phase is excited with sinusoidal currents, the SRM
is capable of generating shaft radial force in any direction of
the rotational plane and producing rotational torque. However,
the ability of radial force production under single-phase
excitation is affected by the rotor position, and is proportional
to the motor torque. When the single-phase excitation can not
produce the requested radial force, the phase with
descending-inductance is also excited with sinusoidal currents
to increase the radial force production.

The experimental results show that the SRM is able to
produce controlled radial forces when the motor is at standstill
or running, and subjected to a load torque. The measured
radial force exhibited noticeable ripples caused by phase
commutations, but the average forces were very close to the
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Figure 13. Radial force and phase A4 currents when the SRM was at standstill,
6.= -14°, load torque = INm, , |F*| = 30N and rotating at 1Hz, single-phase
excitation, (a) radial force, (b) pole 41~A44 currents.
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Figure 14. Radial force and phase 4, B currents when the SRM was at
standstill, 8. = -14°, load torque = 0.1Nm, |F,*| =15N, 30N, 45N, respectively,
and rotating at 1Hz, two-phase excitation, (a) radial force, (b) i, (c) iz;.
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commanded values. Although the results shown in this paper
did not include any vibration tests, the proposed scheme can
be used to produce the required radial force to cancel the
forces produced by a non-uniform air gap or external load,
and eventually reduce motor vibrations [10].

APPENDIX A
The rating of the 12/8 pole SRM used in this paper is 100
Watts, 1000 rpm, maximum current 4.9A, its main parameters
are:

Aligned inductance 8 mH
Un-aligned inductance 2 mH
K 3.1
Kang 4.1

6,

—8& (“M)'4
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Figure 16. The SRM was running at the same operating conditions as Fig.15
except motor speed = 500rpm , |F,*| set to (a) ON, (b)15N, (c)45N
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Figure 17. The SRM was running at the same operating conditions as Fig.15
except motor speed = 1000rpm, |F,*| set to (a) ON, (b)15N, (c)45N
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Figure 18. The SRM was running at 500rpm under 0.3Nm load torque, |F*|
rotating synchronously with the rotor and stepped from 15N to 45N at
time=0.5sec., (a)F\ vs. F,, (b) Fi, F, vs. time (¢) i4, (d) motor speed.
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Figure 19. Radial force vector when the motor was running at 500 rpm under
0.3Nm load torque, and |F,* =45N and the frequency is (a)0Hz at 45°, (b)
(b)4Hz, (c)8Hz, (d)16Hz





