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Abstract

This paper presents the application of backstepping feed-
back design technique to the speed control of a switched re-
luctance motor (SRM). Using backstepping method, both
feedback laws and Lyapunov based designs are applied in
the controller design. The mathematical model for the
SRM takes magnetic saturation into account. The con-
troller takes phase currents, rotor position, rotor speed,
and reference speed as inputs, and calculates the voltage
required to maintain the motor speed close to the reference
speed. The turn-on and conduction angles are continuously
controlled to improve the system performance. An exper-
imentally verified Saber model is used for simulation. A
conventional PI controller is used for comparison. Simula-
tion results confirm reduction in torque ripples, improved
transient and steady state performance, and robustness of
the controller.

1 Introduction

The SRM is a doubly salient, brushless motor with no wind-
ing or magnets on its rotor. Currents in stator phases are
controlled based on the rotor position as dictated by an elec-
tronic commutator. Unlike DC motors, SRMs are almost
maintenance free and less expensive; the abscence of me-
chanical brushes makes them easier to maintain, and having
no rotor winding or magnets reduces their costs. Moreover
SRMs can produce high torques at low speeds [1]. These
characteristics combined with the advanced power electron-
ics, and the availability of high-speed processors make them
attractive for many applications such as factory automa-
tion.

In contrast, control of the SRM is a nonlinear multivari-
able problem. The behavior of a SRM and its drive are so
nonlinear that modern control methods can hardly be ap-
plied in the known manner for integrated manufacturing [2].
The work reported here investigates the development of an
appropriate nonlinear control technique which can achieve
high dynamical performance as required for variable speed
regulation or position tracking. Many of the speed/position
controllers reported in the literature are open loop with
current and angle control. These controllers do not achieve
high dynamic performance which rivals that of a DC drive.
Dynamic performance can be improved by feedback con-
trol. Closed loop control strategies for SRM are proposed
in (3] - [8].

One of the nonlinear control methods that has been ap-
plied to feedback control of SRM is feedback linearization.
The main idea behind feedback linearization control [9] is to
transform the nonlinear system dynamics into a linear form
so that classical linear control techniques can be applied to
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design the controller. In [10] feedback linearization was
applied to SRM, for trajectory tracking in robotics appli-
cations. A state feedback control algorithm was designed,
on the basis of nonlinear control techniques, which com-
pensates for nonlinearities and decouples the effect of sta-
tor phase current in torque production. Another algorithm
based on an input/output feedback linearizing control for
speed control of the SRM was proposed in [11]. In both [10]
and [11], out of the three input variables to the SRM, phase
voltage, turn-on angle, and turn-off angle, the phase volt-
age is used as the only control variable, where the other two
are kept fixed.

In [12], the use of a nonlinear adaptive feedback lineariz-
ing control to a three-phase SRM was reported. The non-
linear adaptive control structure not only compensates for
the nonlinearities between inputs and outputs, it allows the
use of linear controllers for motion tracking. However, mag-
netic saturation was neglected in this work. It is important
to emphasize that the SRM operates with significant satu-
ration for high-performance operation of the SRM drive.

A new tool for nonlinear systems feedback design has been
introduced in [16]. Backstepping is a recursive design
methodology where both feedback control laws and Lya-
punov based designs are applied. Unlike feedback lineariza-
tion which requires precise models, backstepping designs of-
fer a choice of design tools for accommodation of uncertain
nonlinearities and can avoid unnecessary cancellations.

In this paper we apply the backstepping technique to de-
sign a speed controller for the SRM. The controller takes
the phase currents, the rotor position, the rotor speed (ac-
tual speed), and the reference speed as inputs. The output
is a voltage that is applied to a selected phase by an elec-
tronic commutator via a chopper and a power inverter. The
turn-on angle and the conduction angle are continuously
controlled to maintain the desired reference speed and to
optimize the performance.

2 SRM Model

A reliable mathematical model is essential for properly eval-
uating the SRM performance and effectiveness of different
control schemes. Both spatial and magnetic nonlinearities
are inherent characteristics of the SRM. The model sug-
gested by [13] which takes magnetic saturation into account
is adopted in this work. A 20 kW, 3 phase SRM, which is
documented in [13], is used for simulation. It has six stator
poles and four rotor poles, as shown in Fig. 1. The choice of
high power rating motor reflects the reliability of the pro-
posed speed controller. The motor parameters are provided
in the Appendix.
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Figure 1: A 3 Phase, 6/4 SRM. Only one phase winding is shown.

In order to express the dynamics of an m phase SRM, we
apply Newton’s law to the rotor and Kirchhoff’s law to the
stator, to yield the state-space model

de

E = W (1)
& - lin-n-py )

di; M\ A\
2 (T) {R% * (W)“’
AN .
+<82’,~) u;, j=12,...m (3)

where 0 is the rotor position, w is the rotor speed, Ty is the
electromagnetic torque, T7, is the load torque, J is the rotor
inertia, D is the damping factor, i; is the current flowing
in the j-th phase, A; is the flux-linkage of the j-th phase, R
is the ohmic phase resistance, and u; is the voltage applied
to the stator terminals of the j-th phase.

The flux-linkage A; is a nonlinear function of the phase
current i; because of magnetic saturation, and a nonlinear
function of rotor position due to the periodicity of align-
ment between stator and rotor poles. The flux linkage is
defined [13] as

Mig,0) = ai;(0)[1 — e %] 4 ag5(0)
i;>0, j=1,2..m (4)

The spatially periodic structure of the machine allows one
to express the coefficients a;..3 as a truncated Fourier cosine
series [13]

ay = Z Az, cos(66r),

r=1

z=12,... (5)

where 9§ is the number of electrical cycles in each mechan-
ical revolution. The Fourier coeflicients are easily deter-
mined [13] using the Marquardt gradient expansion algo-
rithm [14].

The torque for phase j, T;, produced by a SRM with in-
dependent phases during both saturated and unsaturated
magnetic operation, can be determined according to coen-
ergy analysis [15] as

o [4

T, == | A#,0)di (6)

Thesum T, = Y i Tej of the individual phase torques gives
the total torque. Substitution of Eqn. 4 into Eqn. 6 gives
the total torque produced by phase j

Te; = i{[h +i(1\—
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dé
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and all of the coeflicients a;_3(f) and their derivatives in-
clude the appropriate phase shifting of rotor position [13].
In the linear region Eqn. 7 can be simplified to

To; =Y k;i(0)i 9
=1
where
. _ l .dal dﬂ.gj dagj
k](e) = 2[_'0’23 do a1 7o 40 + 40 ] . (10)

The output of the system can be taken as the rotor posi-
tion @ or the speed w, whereas u; acts as the control input.
An electronic commutator decides which phase to be ex-
cited at any given instant of time based on rotor position
information.

At low speed, pulse-width modulation of the applied volt-
age or current regulation about a predetermined reference
current has been used to control the SRM. This type of
control produces a constant-torque characteristic. To ob-
tain speed control, a speed feedback loop is necessary. The
control parameters available are the terminal voltage, the
turn-on angle, and the turn-off angle (or excitation angles).
Although it is possible to control the SRM by varying the
terminal voltage, control of the excitation angles optimize
overall system performance and increase the speed range.

3 Control Strategies

The nonlinear block backstepping algorithm is discussed
first in Section 3.1. Its application to the SRM is then
detailed in Section 3.2. Implementation is in Section 3.3,
followed by excitation angle control in Section 3.4.

3.1 Nonlinear Block Backstepping
Consider the system

& = f(z) +g(z)u, f(0)=0, (11)
where = € R™ is the state, and u € R is the control in-
put. Let uges = a(z), (0) = 0, be a desired stabilizing
feedback control law, which, if applied to system 11, guar-
antees global boundedness and regulation of z(t) to the

V(z) >0
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equilibrium point z = 0 as ¢ — oo, for all £(0) and V(=) is
a control Lyapunov function, where

BV(a:)

(f(z) + g(z)a(z)] <O (12)
Consider the following cascade system
¢ = f(z)+g(z)y, f(0)=0 (13a)

¢ m(z,¢) + Bz, Q)u, y= h(S), h(0) =0(13b)
where for system 13a, a desired feedback a(z) and a con-
trol Lyapunov function V(z) are known. Then using the
nonlinear block backstepping theory in [16], the error be-
tween the actual and the desired input for system 13a can
be defined as z = y — a, and an overall control Lyapunov
function V(z,¢) for both systems 13a and 13b can be de-
fined by augmenting a quadratic term in the error variable
z with V(z):

V(z,0) = V(@) + 37 (14)
Taking the derivative of both sides, we obtain
V(z, ()= V(z)+ 2z (15)

from which solving for u(z, ¢), which renders V (z, ¢) nega-
tive definite, yields a feedback control law for the full sys-
tem 13. One particular choice is [16}

_ (ah(c)ﬁ( <)>_1 {_C(y_a) 8h(c) m(z, )
+ao(;—5:) aV( ) g(z )}

(16)

3.2 Application to SRM

Rewriting Eqn. 2 and Eqn. 3 of the SRM model to match
Eqgn. 13 yield,
dw 1 1 2
i }-{—TL — Dw} + 7k(9)z

= f(w,0) + g(w, )y (17a)

e o(B) () (3)
- mw,i,0) + Bw,i, O)u (17b)

where y = 1% is a virtual input for Eqn. 17a, u is the control
input for Eqn. 17b, w is the speed, and i is the current. The
rotor position @ is taken as a time varying parameter in the
control design. The control

1
ydes:a:Ha_){TL_*‘Dw“p(w—wref)}» p>0

if applied to system 17a cancels the terms in it and replaces
them by
w= 2(w — Wref)
J.
so that the resulting feedback system is linear in w.
Consider
Viw) = %(w

—u).ref)z, q> 0

as a Lyapunov function for system 17a, where V(w) > 0
and V(w) < 0. Let z be the deviation of y from & (Yaes),
then

(18)
According to [16], a Lyapunov function V(w,i,8) for the
overall system, system 17, can be constructed by augment-
ing V(w) with a quadratic term in the error variable z:

z2=y—a

V(w,i,0) = V(w) + %zz (19)

Taking the derivative of both sides,

V(w,i,0,u) V + 22

il

ov
= ;o) +z4-4)
W
0
= S (ftated) +ai-a)

ov oh oh
= E(f +ga)+z (EM‘F Eﬂu

Oa . o4 Q\i
T dw Aw

Based on Eqn. 16, u that renders V(w, i, 6,u) < 0 is

(20)

_ i}fﬂ - _(_a)_?_h +?£'_6V
v i ay E T W W
= wuytustustus ,c>0 (21)
where
A —c 6_)\ 2 TL+D‘U—p(w_Uref)
T 2i \Gi k()
oA
Ug = Rz+<ag>
_ D-p (O _
w = 5o () (-To - Dot k)
_ —gk(0) (AN
Yt T T <6i>(“’ wre)

where ‘;’: and 23 ae are the partial derivatives of Eqn. 4 with

respect to i and @ respectively. The controller parameters
P, g, and c are tuned according to their effect on the feed-
back control law.

3.3 Implementation

Figure 2 shows the backstepping controller based drive sys-
tem for speed control of SRM. It consists of an inner current
loop and an outer speed loop. The power inverter used for
simulation is a two switch per phase bridge inverter. The
backstepping controller takes the phase currents, rotor po-
sition, rotor speed, and reference speed as inputs and calcu-
lates the control voltage u required to maintain the motor
speed w close to the reference speed w,.y. The output u of
the backstepping controller is applied to a chopper which
converts the fixed DC source to the required variable output
voltage v. Only one chopper is needed for the three phase
SRM. This variable voltage is then applied to the power in-
verter and ultimately to the selected phase dictated by the
electronic commutator. The electronic commutator takes
rotor position @, turn-on angle 6,,, and turn-off angle 6,
as inputs and decides which phase to be excited at a given
instant of time.
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Figure 2: Backstepping controller based drive system for speed
control of SRM.
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Figlll'e 3: Adaptive loop to control turn-on and conduction angles.

3.4 Excitation Angle Control

When turn-on and conduction angles are kept fixed, the
performance of the backstepping controller is acceptable
only for a limited range of speed and load torque. This
is due to the operational characteristics of the SRM. To
improve and optimize the performance, control of excitation
angles is needed.

In Fig. 2, the turn-on and the conduction angles are pro-
vided to the electronic commutator and kept fixed, whereas
in this section an adaptive setpoint control is proposed. The
speed error, we, = w — wref, and the instantaneous torque
Tinst, are fed back to a nonwindup integral controller, then
to the electronic commutator, as shown in Fig. 3. The
instantaneous torque Trns: is calculated based on Eqn. 7
which is valid for both saturated and unsaturated magnetic
operations. The output of the integrator is algebraically
added to an initial turn-on angle ;,;. Not only is advanc-
ing or retarding the turn-on angle achieved, the conduction
is increased or decreased as well because the turn-off an-
gle is kept constant. Based on the instantaneous torque
we avoid advancing the turn-on angle to the region where
negative torque is produced, as a result the instantaneous
torque signal is active only when negative torque is pro-
duced. This technique improves the performance to the
extent that high torque ripples are avoided. Moreover, a
wider speed range can be achieved. The constants €; and
&9 are the integral gains scaled according to the effects of
the input signals.

4 Simulation Results

The backstepping controller based drive for speed control of
a SRM has been simulated using the Saber simulator [18].
The experimentally verified SRM Saber model described
in [19] has been used. The motor parameters are provided
in the Appendix.

For a comparison of controller performance, a PI speed con-
troller is designed for the SRM and simulated. The output
of the controller is applied to a chopper that controls the
duty cycle and as a result, the applied voltage to the phase
winding.

4.1 Performance of PI Controller
The PI control law

u = kpwer + kj /wer dt

is used for simulation studies. The gains kp and k; are
tuned manually for low speed and low load torque opera-
tions. Figure 4 shows the speed response of the motor. It
can be seen that the controller parameters are well tuned
for speed of 100 rad/s and load torque of 25 N.m, but for
step change in the speed from 100 to 200 rad/s, the re-
sponse has higher overshoot and needs more time to settle.
Such performance does not meet the required specifications
for high performance drive applications. For this SRM, it is
not possible to obtain a single fixed PI controller to achieve
good performance over a wide speed and load range. This
demonstrates the main draw back of a PI controller.

4.2 Performance of Backstepping Controller

4.2.1 Fixed Excitation Angles: The turn-on and
the turn-off angles are kept constant throughout the simu-
lation at 45° and 74°, respectively (where 0° and 90° corre-
spond to aligned and unaligned positions). Figure 5 shows
the speed response of the motor when it is allowed to ac-
celerate from rest to a reference speed of 100 rad/s, then to
200 rad/s with a load torque of 25 N.m. It can be seen that
the speed response has improved compared to Fig 4, espe-
cially the rise time and the settling time. Figure 6 shows
the electromagnetic torque associated with both reference
speeds.

Figure 7 shows the speed response for step changes in the
reference speed. The reference speed is increased from rest
to 100 rad/s as before, then from 100 to 200 rad/s, followed
by drop to 100 rad/s, with constant load of 100 N.m. It can
be seen that the motor speed could not track the reference
speed with fixed excitation angles. It should be noted that
this is not due to the backstepping controller, but due to
the motor operational characteristic and limits of the elec-
tronic commutator. Figure 8 shows the voltage waveform
for one phase only, corresponding to Fig. 7. It can be no-
ticed that the controller is commanding almost 100% duty
cycle to track the reference speed. A solution to improve
the speed response is to advance the turn-on angle. More-
over, it can be seen that the magnitude of the phase voltage
is not fixed at the DC source (-230 or 230 V), but it has
variable magnitude to compensate for the nonlinearities.
4.2.2 Performance with Excitation Angle Con-
trol: To improve the performance at higher speeds, the
turn-on angle should be advanced to allow for more cur-
rent to build up to counter the back EMF and to obtain
the desired speed. For this purpose, the setpoint adaptive
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Figure 4: Speed response of SRM drive under PI control for step
changes in reference speed from 0 to 100 rad/s for time t = 0.0—0.1s
and from 100 to 200 rad/s for time t = 0.1 — 0.2s with load torque of
25 N.m.

feedback loop shown in Fig. 3 has been implemented. To
show that a wider speed range is maintained with excita-
tion angle control, Fig. 9 shows the speed response when
the motor starts from rest to 200 rad/s with a load torque of
100 N.m, followed by a change in the reference speed to 300
rad/s, then a drop to 100 rad/s. It can be noticed that the
motor speed is almost tracking the reference speed. More-
over, when the motor is allowed to accelerate from rest to
a reference speed of 200 rad/s, with a load of 100 N.m, the
speed response has no overshoot or oscillations. The turn-
on angle is shown in Fig. 10. It can be seen how the turn-on
angle is advanced and retarded based on the desired speed
and load. The torque response of the motor under fixed
and controlled excitation angles is shown in Fig. 12, the
motor is allowed to accelerate from rest to 200 rad/s with
a load torque of 100 N.m. It can be noticed that the per-
formance with excitation angle control has improved since
torque ripples are reduced, and as a result reduction in the
acoustic noise is expected.

4.2.3 Effect of Load Torque: In Eqn. 21, the load
torque information is needed, specifically in u; and uz. To
show the robustness of the controller during load distur-
bances, the load torque was changed from 100 to 50 N.m
and subsequently increased to 75 N.m for a reference speed
of 200 rad/s. Moreover, no information about the load
torque is provided to the controller. That is, the term T}, is
set to zero in u; and ug. Figure 11 shows the corresponding
speed responses. It can be seen that when the load torque
is decreased the speed increases but the controller is able
to hold the motor speed close to the reference speed. How-
ever, when the load torque is increased there is a slight dip
in the speed, but again the controller is able to bring the
motor speed back close to the reference value.

5 Conclusions
The design of a backstepping controller for speed tracking
application for a SRM has been presented in this paper.
Control of excitation angles has been taken into considera-
tion. An experimentally verified SRM Saber model which
takes magnetic saturation into account was used for simula-
tion studies. The simulation results show that the backstep-
ping controller is superior to the conventional PI controller
in reducing overshoot, settling time, and steady state error,
thus providing faster dynamic response. Moreover, the con-
troller parameters once selected provide good performance
for the entire operating range. It has been shown by simu-
lation how the control of excitation angles widens the speed
range and reduces the torque ripples. The simulation re-

50
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Figure 5: Speed response of SRM drive under backstepping control
for step changes in reference speed from 0 to 100 rad/s for time t -
0.0 —0.1s and from 100 to 200 rad/s for time t = 0.1 —0.2s with load
torque of 25 N.m.
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Figure 6: Motor torque response when motor accelerates from rest
to 100 rad/s and then to 200 rad/s, with load torque of 25 N.m.
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Figure 7: Speed response of SRM drive under backstepping control
for step changes in reference speed from 0 to 100 rad/s for time t =
0.0 — 0.1s, from 100 to 200 rad/s for time t = 0.1 — 0.2s, and from
200 to 100 rad/s for time t = 0.2 — 0.3s with load torque of 100 N.m.
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Figure 8: Phase voltage waveform when reference speed is in-
creased from 100 to 200 rad/s with load torque of 100 N.m.

4656



008 01

015 02 CE)
Time (s)

Figure 9: Speed response of SRM drive under backstepping control
and excitation angle control for step changes in reference speed from
0 to 200 rad/s for time t = 0.0 —0.1s, from 200 to 300 rad/s for time
t =0.1-0.2s, and from 300 to 100 rad/s for time t = 0.2 — 0.3s with
load torque of 100 N.m.
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Figure 10: The change in turn-on angle for step changes in ref-
erence speed from O to 200 rad/s for time t = 0.0 — 0.1s, from 200 to
300 rad/s for time t = 0.1—0.2s, and from 300 to 100 rad/s for time
t = 0.2 — 0.3s with load torque of 100 N.m.
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Figure 11: Speed response of SRM drive under backstepping con-
trol and excitation angle control for a speed reference of 200 rad/s and
step changes in load torque from 100 to 50 N.m for time t = 0.1-0.2s,
and from 50 to 75 N.m for time t = 0.2 ~ 0.3s.
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Figure 12: Motor torque response when motor accelerates from
rest to 200 rad/s with load torque of 100 N.m, the dashed line is
for fized excitation angles and the solid line is for excitation angles
control.

sults also demonstrate the robustness of the backstepping
controller.

APPENDIX
Motor parameters:
Output power = 20 kW, Rated speed\ = 492 rad/s, Number of phases
m = 3, Number stator poles = 6, Number rotor poles = 4
Aligned phase inductance L, = 19.0 mH
Unaligned phase inductance L,, = 0.67 mH
Inertia J = 0.02 N.ms?, Damping factor D = 0.3301m N.ms
DC voltage supply = 230 V
Parameters of PI controller:
kp = 0.5, k; = 150
Parameters of backstepping controller:
p = 1, q = 5000000, c = 1
Parameters of adaptive loop:
€1 = 0.4, £ = 0.05
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