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Abstract. Switched reluctance motor (SRM) has many advantages with very strong nonlinearity,
hence it is difficult to control. This paper presents a new method to control the speed of switched
reluctance motor based on backstepping technique and nonlinear state observation. This
controller is first applied for switched reluctance motor with nonlinear drive model. This model
is a combination of both the commutator and the motor in the same model. The combined model
of switched reluctance motor helps to reduce the influence of nonlinearity due to the switching
lock, increasing the accuracy in controlling this motor. The state variables of the controller are
approximated by nonlinear state observer, including speed observer, flux observer, and rotor
position observer. The observer state variables are compared with directly measured state
variables. This nonlinear state observer improves the switched reluctance motor drive system by
reducing actual measuring devices, such as incremental encoder and torque transducer. The
stability of the closed control loop was analyzed using Lyapunov stability criterion. The
simulation is carried out with both traditional backstepping controller and the backstepping
controller combined with nonlinear state observation. The quality of the nonlinear state observer
and backstepping control system are analyzed theoretically and through numerical simulations.
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1. INTRODUCTION

The switched reluctance motor (SRM) is an electric motor with many outstanding
advantages such as low manufacturing cost, simple structure, wireless rotor that allows high
working temperature, large torque, etc. [1 - 3]. Due to the structure of the SRM and the operating
principle of continuous switching between each phase, the SRM has strong nonlinearity. In
many works, SRM models have been presented as linear or nonlinear for independent phases [4
- 6]. In the work [7], it was the first combined dynamic model of SRM with logical transitions in
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one model. Then, the author of this work has linearized the dynamic model to design the linear
controller for SRM.

In order to reduce error caused by linear modeling process, in this paper, we propose a new
design method based on backstepping technique combined with nonlinear state observer. The
research results are verified through numerical simulations.

After general introduction, this paper is organized as follows. Section 2 presents the
nonlinear model of SRM (the model including the phase shift switches and dynamics of SRM).
In section 3, a controller based on backstepping technique and nonlinear state observer are
designed. Section 4 illustrates the simulation results. Finally, section 5 is conclusion.

2. NONLINEAR MODEL OF SRM SYSTEM

The mathematical model of SRM used to design the controller is represented in the form of
differential equations based on the basic machine equations. The dynamics of SRM includes
voltage equations, torque equations and mechanical equations.

Differential equation of SRM with m phases has the following form:
dy .

u =Ri,+— Q)
where: j=1,2,3,...,m; u; isvoltage of phase j; R is resistor of phase j; i, is current of phase
J; w; is flux of phase j.

From equation (1), flux of any phase j is represented:
T
w; = [ (v, —Ri;)dt (2)
0
Flux y; depends on both current i, and the angle &, so it is represented in details as follows:

Vi (ij ’9)'
The mechanical equation of SRM:
d*6
J prey =T.-T 3
where: T, is torque of one phase; T, is torque of load; J is moment of inertia.

According to the principle of energy conversion in SRM, the torque generated is equal to
the energy variation of magnetic field in stator coil according to rotor angular position.

. OW,
T0)=—" @)
where: ‘
6W;(6?,i4)='|1.1//j(0,i-)dij (5)

The torque of the SRM is a nonlinear function in terms of current and rotor position. Then,
the total torque generated is equal to the total torque of phases:

Te(H,il,iz,...,im):iTj 6,1.) (6)
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To control the SRM, we need to determine the flux v, (i;,6) as accurately as possible. For

convenience in the research and development of control algorithms, flux property can be
approximated as a continuous function [7], as follows:

v, 6,i) =y 1-e""?) )
withj=1,2, ..., m; y, is magnetic flux saturation.

In general, due to special structure of SRM, the performance of this motor is not the same
as that of general electric motor. Rotor of SRM rotates at discrete angles so the function f, (&)

can be represented by a Fourier series as follows:
f,(0)= a+Z{bnsin[nN,6’—(j —1)%]+cncos[nNr0—(j —1)%[]} (8)
n=1
in which, N, is the number of rotor poles, and if higher order components in Fourier series is
omitted, the simpler function (8) is obtained:
. . 27
fj(9)=a+bsm[Nr€—(J—1)H] 9
The torque of phase j is represented as fO||0WS'

_ df; (6)
Tioh)= f(¢9) do

The state space equations of SRM as follows:

f.(0)1e""”} (10)

do_
dt

‘Li" j{le 0,1 )=T (6, a))} (11)

-1
di; oy oy ow
_J__ l'yj Rij+ﬂa) + ﬂ uj
dt | i, 00 i,

The state model of SRM is illustrated below based on [7]. Considering SRM with m = 4
phases, the state vector is X=[8,®,i,,i,,is,i,]" =[X,%,, %5, X,, %, %, ]" - The state equation of
motor is:

X =X, (12)
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1
X, ZF[TI(Q' X3) +T,(60,%,) +T5(0, %) +T,(0, %) =T, (X, %,) ]
[ l//s afl(xl)N 1-N1 f -3 (x) l//s 6f (X) 1-NIL f X 5 (%) ]
700 o AL+ % T, () Je o500 )+ o o N, {L=[L+x, T, (x)]e "}
_1 y,  of (%) x5 (%) W af(xl) “xg T4 (%)
== N, {1-[1+x, f 1-[1+x, f
] fsz(xl) ox, r{ [1+ x5 f,(x)]e }+ f x) ox r{ [+ xsf,(x)]e }
—Bx, —malsin(x,)
_ (13)
o =[ e 1,00) | [ R + (v W*”)( “;if”)xzb[wse*““*ﬂ L)) w4
%y =[w e 100 [ Re + (w59 (), 22)x, |+[we ™ O f,00) U, (15)
X _[ w.e “%f300) § (Xl):| [RX5+ Xsfg(xl) ( afa(><1 Xz} [l//se’XSfS(xl) f3(x1)]71u3 (16)
%o =[-we 1,00 || R + (1) (o ), [+ [y 0 1,000 [ Tu, (aD)
Where:
of. . 27
—=hN Nx —(j-1)— 18
ox, ,COS[ X = (] )mJ (18)

Note that, in the upper state spatial model
while mgl is the torque of the load.

From (13), we denote:

, Bx, is an opposite component to the rotation

)
TS P
AT
O
gt
g e
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1y af(xl) A%t ()
0=t iy g}

_ Vs af(xl) _f —x6f4(x1):|
gy (%) = L() ~ N, {—f,(x)e e}

Equation (13) can be rewritten as follows:

%, = [ 1,(0) +9.00% ] + [f () + 8y ()%, ]+ [ £ () + 9. (X)% ]+

f (X)+ g, (X)X x —m—glsm( )
[, 4 (0% ]~ X

(19)

Derivative (19) with respect to time, we have:

%, =[ 1,00+ 9. 00% +9,00% |+[ 1,00+, (0%, +9, (9%, |+

o 1T 1 B mgl _ (20)
[ £00+8.00% +0.00% J+[ 300+ 8y (0% + 0400, =%, == c0s(x)%,

From equation (14) to equation (17), we denote:

. 00 =[ -, 1,00) || R + (e (3 222, |
0.0 =[we 1,00 ]

L () =[ w0 £,00) || Rx, + (e ) (3, 220 ), |
6, () =[w.e "0 1,()]

P () =™ 1, (x) | [ R + (w70 (3 242 ) x, |
9, (x) = [Wse—xsfa(xl) f, (Xi)T

s (0 =& 1, 00) || R + (1,740 ) (3, 242 x, |

0, () =[we P, (0) |
The equations from (14) to (17) are rewritten as follows:
X3 = P, (X) + 0, (X)u,
X, = Py (X) + G, (X)U, (1)
X = P (X) + 0 (X)u;
Xe = Py (X) +0y (X)U4
Substituting (21) into (20), we have:
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=[ 1,00+, ()% + 9, () p, () + 8, (¥, (¥)u, |+
|: fb(x) +0, ()%, + 9, (X) p, (X) + g, (X)qb(X)UZ:' +
[£,00+ 6, (9% + 9, (9, (0 + 0,000, (90, |+ #2)

. . B. mgl .
[ 400+ 84 00% + 84 (0P (0 + 94 00, (9, ] =%, - “-cos()x,
The SRM operates based on the principle of supplying voltage to each phase. If we

consider the number of phases is 4, we have u; = kju ,withj=1, 2, 3, 4, kj is phase shift switch

that only allows the values of 0 and 1. Equation (22) can be represented as follows:
{f 200+ 8, 00% +9, () p, () + £, () + 9, ()%, + 8, () P, (X) + £, (%) q

9. (0% + g, () P, () + £, (X) + 0y ()% + g4 (X) Py (X) (23)
[ga(X)Qa(X)kl + gb(x)qb (X)kz + gc(x)qc(x)k3 + 04 (X)Qd (X)k4] _?Xz _ngICOS(Xl)Xl

Then we denote:

F(X){fa(xnga(x)xg +8,09P, 09+ 1,09+ 6, (9% + 8,00, 00+ f, (9 +}

G ()% + 9, (X) P (¥) + T4 (X) + Gy ()%, + 4 (X) Py (X)
and

G(x)=[9. ()0, )k, + 9, (X)G, (XK, + gc (X)0 (X)K; + g (X)0, (X)K, ]
We have another form of equation (23) as follows:

X, =F(x) + G(x) —?)‘(2 —Tcos(x )X (24)
We denote:
_F()_ By Mgl :
F00 =F(9 - % ——=cos(x)%, (25)
g(x) =G(x)
we have:
X, = f(xX)+9g(X)u (26)

To facilitate the design, we represent equation (26) as a state model. Let x, =z , we have a
state model of SRM:

no @)
z,=f(x)+g(x)u

With f(x),g(x) are defined in equation (25).

The model in equation (27) is perfectly suitable to use backstepping technique to design the
controller for SRM.
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3. BACKSTEPPING CONTROL DESIGN USING NONLINEAR STATE OBSERVER
FOR SRM

3.1. Backstepping control

In section 2 of this paper, the dynamic model of SRM is represented as state model (27):
2,=1,
28
{zzzf(x)+g(x)u (28)

This is a model of a second order tight feedback system. According to the backstepping
technique [8 - 11], we need to design in 2 steps.

Step 1: Let speed tracking error z, =, is e, we have:

& =2-1 (29)
Take derivative of the function e, over time, we have:
&=4-2,=2,-1, (30)

Let e, =z, —¢, inwhich, ¢, is virtual control signal for the first sub-system.
Substituting to equation (30), we have:
€ =2—-2,=2,—12,=€,+0, — 1, (31)
To determine virtual control signal that ensures e —0, we choose member Lyapunov
function:

v, = %ef (32)
Take derivative of V, over time we have:
V,=eg =¢e (e, +a —2,)=—Ce +eg, (33)
To have equation (33), virtual control signal has following form:
o =—C8 +724 (34)
in which, ¢, is a positive constant. If e —0 then e, -0
Step 2:
e =2-q (35)
Take derivative of the function e, over time, we have:
é,=2,—q¢ (36)
From (28), we have:
é,=2,-a="F(X)+g(x)u—g (37)

To determine the signal control u that ensures e, —0, we choose Lyapunov function for
the closed loop:

V, =V, + %eg (38)
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Take derivative over time we have:

V, =V, +6,8, (39)
Substituting equation (33) and (37) to equation (39), we have:
V, =—cel +ee, +&,[ f(X)+g(x)u—¢ | (40)

Select control signal for system in equation (40):

LSt ~[f(x)-a ]
= g(x) (41)

with c, is positive constant.

Theorem: SRM has a state model (28) which is controlled by backstepping controller (41) with
c,, C, are positive constants to ensure closed loop Lyapunov stable.

Proof. Select Lyapunov function for closed loop as follows:
1 1
V=§@ﬁf9=w+§¥=w (42)
Take derivative of V over time we have:

V=—cel+ee,+&[ f(X)+g(X)u-d,] (43)

Substituting u from equation (41) to equation (43), we have:

V =—ce’+ee, +e2[f (x)-ce,—e | f (x)—dl]—dl]

- (44)
V =-ce’—ce’ <0
=>» What needs to be proven has been proven.

3.2. Nonlinear State Observer

The nonlinear state observer is intended to estimate the states: flux, position and rotor speed

from observing directly the value of voltage, current and moment. The structure of nonlinear
state observer is illustrated in Figure 1.

Te
u Fl P Rotor position 6 &
ux observer observer Speed observer
(48) (52) (55)

Figure 1. Structure of nonlinear state observer.

3.2.1. Nonlinear flux observer

The model of nonlinear flux observer is shown below. We set a new state:

561



Phi Hoang Nha, Pham Hung Phi, Dao Quang Thuy, Pham Xuan Dat,

Le Xuan Hai
4 =—In[ —ﬁ} £,(0)i (45)
Vs
With y/; is flux of phase j.
The electro dynamic equation of the SRM:
4, =(—rij +“J)91 (¢i) (46)
With
1 4
g; (¢j):_‘//_se¢] (47)
Flux Observer is shown as follows:
§=diag(~ri, +u,)g(§)+ (i) 0" (i)(ai - ) (48)
Vi=vs (1_9%) (49)
With >0 and g(¢)=[9,(4) 9,(#) 9,(9) 9.(¢)]
i, 0
D(i)= io "
0 i,

3.2.2. Rotor’s position observer

A model of rotor’s position observer is presented in this part. The matrix X 3(i) is

calculated from [12]:

i, 0
Lo, 50
X, (i)= Qo (50)
0 i,
Matrix G(i,¢) is defined as:
. T Ty 1 (9—ai) [ G
6= (] - 200 51
The rotor’s position observer is shown as follows:
5o 1 G, (i.¢) 52
H—Nr arctan{Gl(w):l (52)

3.2.3. Rotor’s speed observer

The rotor’s speed observer in this part is designed based on equation (11) that illustrates
SRM motor and position of rotor observed above. The first step of this design observer is to
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approximate the torque of load. After that, Luenberger’s observer is designed to observe the
speed of rotor.

First of all, we determine the filter as follows:

(53)

G(p)= (Tp+1)°

in which: p :=% and T >0 is filter time constant.

The torque of load is approximated with the following formula:
£, =G(p)T:(i,6)-Ip’G(p)é (54)
Based on equation (11) that illustrates SRM, the motor observer is designed as follows:
%, =%, —,(%,-0)

: s A 1 S AN .

X, _—fz(xl—0)+3[TE(|,0)—rLJ
with X, =@, /,,¢,>0, 7, is calculated from equation (54), 6 is designed in angular observer
of rotor from equation (52).

(55)

The accuracy of flux observer, rotor’s position observer and rotor’s speed observer were
verified in [12].

3.3. Backstepping control design using the state observer

The backstepping controller (41) proposed in section 3.1 is only available when the state
variables of the SRM are directly observed. In order to control the SRM without measuring the
output, we proposed a method of combining the backstepping controller (41) with the observer
(Figure 2). Thus, instead of having to measure the flux, position and speed of rotor directly, it is
only necessary to measure current, voltage and torque.

The structure of the backstepping controller combined with the state observer is shown in
Figure 2.

w
wg e Backstepping 4 SRM
(— Controller (28)
-T. (41)
®
X = = R T
6 b= P2 B3 sl
I'= [ll iZ i3 l4_]T

State observer
(48),(52),(55) | T,

€)

Figure 2. Structure of backstepping control system with nonlinear state observer.

563



Phi Hoang Nha, Pham Hung Phi, Dao Quang Thuy, Pham Xuan Dat,
Le Xuan Hai

The quality of the nonlinear state observer and system of SRM controller is verified in the
next section.

4. NUMERICAL SIMULATION

teta

<o

Figure 3. Schematic diagram of SRM backstepping control system.

Table 1. Parameters of SRM model, controller and observer.

N, =6 =2 B=0.2

3 =6.8x10° (kg /m?) c,=0.1 | =2(m)

R=0.05(Q) y =100 l, =100

a=15x10"(H) T =0.025 1, = 2500
b=1.364x10"(H)

The simulation is performed on MATLAB/Simulink. SRM parameters and selected force
parameters of the controller and observer are shown in Table 1. The schematic diagram of SRM
backstepping control system is shown in Figure 3.

The results of the nonlinear state observer test are shown in Figures 4, 5, 6; the phase
current and torque of the system in Figures 7 and 8, and the control results are shown in Figure 9.
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(a) | (b)
= | UX
0.3 == Flux observer 02+
0.25 o)
— < 017 ]
L 02 X<
$ g L
30.15 5
[ fe
0.1 2-01¢ 1
i
0.05 02 ]
0
' L L h -0.3 1 L I
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time(s) Time(s)
Figure 4. Flux observer and Flux.
(a) ()
15f ' 0
=== Rotor position ?
—~ === Rotor position observer =X -1
j=d c
3 S
=10} =2
o o
= o
3 53
Q. °
&5 o -4
e o
25
L
0 : : 6 : :
0 0.5 1 1.5 0 0.5 1 1.5
Time(s) Time(s)
Figure 5. Rotor position observer.
a
12 @ 08
10 .
Q 0 6 L 4
@ 8 == Real speed 8 :
g === (Qbserver speed %’
N—" 6 B q_)
3 04
o “—
5 4 13
202 ]
2+ 4w
0 . 0 .
1 1.5 0 0.5 1 1.5
Time(s) Time(s)

Figure 6. Speed observer.
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2‘ —_
> <
= 10 <
@ b
c [0
o ks
3 . 3
3 —
3 3
-5 : : - 5 : : :
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time(s) Time(s)
(c) d
15 : : 15 | (d)
Q —
> <
> 10" S0l
2 2
< 2
o 5 S5
S o
3 o
8 0 g 0
-5 : : : -5 ‘ ' ‘
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time(s) Time(s)

Figure 7. Phase current.

N

w

N

Momen Te(Nm)

—

0 0.05 0.1 0.15 0.2
Time(s)

Figure 8. Torque of motor.
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(a) 0

12

0 .
0= === @ Ll =—BTP Observer| |
2.
— == Reference speed o e BTP
% 8f =B TP Observer 5
® —RBTP o A4
g° o
0] =6t
Q 4| s}
» 4 S
ol w8
0 ‘ : -10 ‘ :
0 0.5 1 15 0 0.5 1 15
Time(s) Time(s)
Figure 9. Speed characteristic of SRM.
Table 2. Quality of BTP and BTP based observer.
BTP BTP based observer
Steady state error 107 107
Setting time 04 05
(seconds)
Overshoot (%) 0 0

The simulation results show that the nonlinear state observer achieves the required quality.
The observation error for steady state of flux”?) reaches its maximum value at 0.06 Wb (Figure
4), the observation error for steady state of rotor position converges to 0 deg (Figure 5), the
observation error for steady state of speed reaches its maximum value at 0.7 rad/s and converges
to 0 rad/s (Figure 6). When this observer is combined with the backstepping controller, the
control system gives a quality close to that of the backstepping control system through direct
observation (Table 2). The torque characteristic is not good because the logic control of the
switches is not optimal in terms of time.

5. CONCLUSIONS

The simulation results show that the SRM control system with the backstepping controller
combined with the nonlinear state observer completely achieves the desired quality. Thus, in
practice we can synthesize the controller without measuring motor output signals such as flux,
speed and position of rotor. Besides improving control quality, we need to design logic control
of switches.
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