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An exponential observer and a controller
for a class of nonlinear systems

MOHAMED ALI HAMMAMI, MOHAMED ZRIBI and JALEL KALLEL

In this paper, we study the observer design problem for a class of nonlinear systems. Specif-
ically, we design an exponential observer for a separately excited DC motor. Moreover, a stabi-
lizing controller is designed for the system to ensure the exponential stability of the solutions
toward their desired values. Simulations results show that proposed observer is able to recon-
struct the states of the system. In addition, the simulation results indicate that the designed
controller works well.

Key words: nonlinear system, observer, stability, controller, stabilization

1. Introduction

The design of observer for dynamical systems modeled by nonlinear differential equa-
tions is generally a difficult task due to the presence of nonlinearities. The usual re-
quirements are the global Lipschitz condition ( [1], [2], [3], [4], [S]) or the existence
of change of coordinates which transforms the system into the desired observer form
( [6]). Several researchers have studied for the control of DC motors by using different
techniques ( [7], [8], [9]). The stability problem of such systems is also considered in
terms of ultimate bounded solutions ( [10], [11], [12]). This approach is very general
and powerful although there is an inherent difficulty associated with the selection of a
suitable Lyapunov function.

The objective of this paper is to present an observer design for the separately excited
DC motor. Furthermore, stability of the system is studied where a controller which guar-
antees the global and exponential stability of the trajectories of the system is designed.

The paper is organized as follows. The problem under consideration is formulated in
section 2. The observer design for the DC motor is detailed in section 3. The speed cont-
roller design for the motor is presented in section 4. The simulation results are presented
and discussed in section 5. Finally, some concluding remarks are given in section 6.
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2. Problem formulation

A separately excited DC motor can be described using the following set of ordinary
differential equations:

( di 1 . .
d—: = L—a(va —Ryig — Kinifw)
di; 1

= — (vp—Ryi
= Lf(Vf rif)

dw 1 .
{ E = T(Kmlalf_BmW_Y})
m

where i, and iy are the armature and field currents; w is the rotor speed. The voltages v,
and v are the armature and field voltages. The resistances R, and Ry are the armature
and field resistances; L, and Ly are the armature and field inductances. The constant
K., is the motor torque constant, J,, is the inertia of the motor, and B,, is the damping
coefficient. The load torque is 7;.

For ease of presentation, we define the following constants:
Kl‘l‘l Bm

R
K1:_77 K2:_77 K3:_7f7 K4:77 KS:_i'
La La Lf Jm Jm

Note that, K; < 0 fori =1,2,3,5. Also, denote the state variables x;, x and x3 such that:
X1 =lq Xp=1f X3=W.

Therefore, the equations describing a separately excited DC motor can be written as:

1
X1 = K1x1 + Kyxpxs + fva
a

1
X2:K3X2+f\1f (D
Ly

X3 = Kyx1xp + Ksxz — iTl
Im

For this class of control systems, we can design an observer to estimate the states of
the system. Also, we can design a stabilizing controller that rends the system globally
and exponentially stable. It should be noted that the voltage v, and v in (1) are the inputs
of the system. Also, note that the design of the controller will be performed without
taking into account the load torque; a load observer can be designed to estimate the load
of the system [8].
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3. Observer design

In this section of the paper, we are interested in designing an observer to the follow-
ing class of input-output systems:

1
X1 = Kix1 + Koxoxs + —v,
1 La
Xy =K3xp+ —vy
Ly ()

X3 = Kyx1xp + Ksxz — 77"1

m

y=x

It is well known that, generally, not all the states of a system are available for di-
rect measurement. Therefore, the unmeasurable states must be estimated since they are
needed for feedback. The observer is a dynamical system which is expected to recon-
struct the states of the system. Our objective is to design a state reconstructor for the
system (2) such that the global exponential convergence to zero of the resulting error
system can be guaranteed.

Before presenting the result, we introduce the following definition.

Definition 1 The system (2) is exponentially state reconstructible if there exists a state
observer X = G(%,y,u), where u is the input of the system, and A and Y are positive
numbers such that:

le()l = [1£() —x(0)| < A(lle(0)[[)e™, Ve > 0. (3)

Here, £(t) = [£1(t) £2(¢) £3(¢)]" are the estimates of the states x(t) = [x; (¢) x2(¢) x3(¢)]”.
For design purposes, we assume that the load torque is zero. Therefore, the equations
of the system can be written as:

1
X1 = Kix1 + Kaxpxs + —v,
Lq

. 1
X3 = Kyx1x2 + Ksx3
y=X
We propose to use the following state observer:
R . R R 1
%1 = K%y + Koo ®s + Ly (g — £1) + 7V

a

. 1
Xo =K3XA2+*Vf )
Ly

X3 = Kyx1%5 + K53
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where L is a positive scalar which will be chosen later. The system (5) will produce £(¢)
which is the estimate of the state x(t).
We present the following theorem for the state reconstruction of system (4).

Theorem 1 The system (5) is an exponential observer for (4).

Proof Define the following estimation errors:

61(1‘) :)?1 — X1
62(t) =X —x (6)
€3(t) :)?3 — X3

It is clear from (4) - (6) that e, (¢) satisfies the following differential equation:
éz(t) :K3€2(l‘). @)

Thus, by integrating the above equation from zero to ¢ and denoting the initial condition
of e3(t) by e2(0), one gets:
ex(t) = ex(0)e™. 8)

Therefore, it can be concluded that e,(f) converges exponentially to zero as ¢ tends to
infinity since K3 is negative.
Also, it is clear from (4) - (6) that the error e3(¢) satisfies the following differential
equation:
és (l‘) = Kse3 (l) —I—K4yez(t). 9)

Using equation (8), the above equation can be written as:
é3(l‘) = K5€3(l‘) +K4y€2(0)€l(3t. (10)

By integrating the above equation from zero to ¢ and denoting the initial condition
of e3(7) by e3(0) , one gets:

t
e3(t) = e3(0)e5 + Kyer(0) / Y(1)eKs D Kt g, (11)
0

The constants K3 and K5 are parameters of the motor and they are such that K3 # K.
Also, note that since the motor is properly controlled, the output y(z) is bounded;
this means that there exist a positive scalar B, such that |y| < By. Thus,

1

th_ Kst . 12
7|K3_K5|!e e (12)

lea(r)] < |e3(0)[e"" + ByKale2(0)]

Kit Kst

Since "% together with "% tend to zero as ¢ tends to infinity because K3 < 0 and K5 < 0,
then it can be concluded that the error e3(¢) tends exponentially to zero as ¢ tends to
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infinity. Therefore, there exist a time 7 > 0 and a positive constant A which depends on
T, By, K4 |e2(0)| and |e3(0)|, such that:

le3(1)] < Age2sup(KsKs) (13)

Therefore, it can be concluded that the error e3(¢) converges exponentially to zero as ¢
tends to infinity.

Using (4) - (6), one can deduce that the error e (¢) satisfies the following differential
equation:

él(t) = (Kl —Ll)el +K2()?2)?3 —xzx3) (14)
= (K] —Ll)el — Krere3+ Krxres + Krxzer.

By integrating the above equation from zero to ¢ and denoting the initial condition of
e1(t) by e1(0) , one can write:
ei(t) = en(0)elFrtr

t

+K2/()€2(s)e3(s) +%3(s)ex(s) — ez(s)e3(s))e(K1 —Li)(1=5) 4.

0

(15)

Note that, we shall choose L; such that K; — L; < 0. Moreover, note that from (5)
the components £, and £3 are bounded since the errors e;(#) and e3(¢) converge to zero
exponentially and since the system is properly controlled. Hence, there exist positive
constants M> and M3 such that,

‘XQ’ M, and ‘X3’ (16)

Therefore, since the errors e;(f) and e3(t) converge to zero exponentially, it can be con-
cluded that e;(r) will also converge to zero as ¢ tends to infinity. Indeed, taking into
account the above expressions and the estimations (8) and (13), it follows that:

ler()] < Jer(0)]e17H

+|Ka | MyAze KL / (3 5up(K3.Ks)—(Ki—L1))s g ¢
0
(17)

t
—|—’K2‘M3‘€2 ’/e —(Ki—Ly) SdS

0
t

‘HKZHeZ( ‘7»36 (K1 L1I/€K3+ 5 sup(K3,Ks)— (Klle))st'
0
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Hence,

ler(t)] < Jer(0)]eFrE

1 -
+My25|K> e(j sup(K3,Ks5)t _ e(Klle))t
| ’\%sup(K37K5>—<K]—L1)|’ |
1
M3 | K. - Kt (Ki—Li)) 1
+M;| 2||62(0)|]K3—(K1—L1)||e e | (18)

’e(K3+% sup(K3 Ks)t _ ,(Ki 7L1))t’

K3+ 5 sup(K3,Ks) — (K —Li1)|

+23|Ka|e2(0)]

Notice that L; is chosen such that K; —L; < 0, K3 — (K] —L;) # 0 and K3 +
% sup(K3,Ks) — (K7 — Ly ) # 0. This is possible for L; small enough. Hence, since K3 < 0,
sup(K3,Ks) < 0 and K| — Ly < 0, then there exist a time T >0,\ >0and K <0, such
that

ler(t)] <AMe X forall 1>T. (19)

Therefore, it can be concluded that the error e;(7) converges exponentially to zero as ¢
tends to infinity.

Consequently, we conclude that the system (5) is a suitable state observer which can
be used to reconstruct the states of the system (4).

4. Controller Design

This section deals with the design of a controller for the DC motor such that the shaft
of the motor rotates to its desired speed.

Let x14, xo4 and x34 be the desired constant values of the states x;, x, and x3 respec-
tively. Clearly, the following condition should be satisfied at steady state:

Kyx14x2q4 + Ksx3q = 0.

In the following, we will design a state feedback controller for the motor while as-
suming that all the states of the system are available for feedback.
Define the regulation errors €1, &, and é3 as follows:

e(t) = x1—xiq
1) (t) = X7 — X4 (20)
e(t) = x3—x3a

Also, let g, and g; be positive scalars.
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Theorem 2 The control law:

Vg = La(—K]de — K>xpx3 —g]e'l)
(21)

v = Ly(—Kzxpq —8282)

when applied to the the DC motor model given by (4) guarantees the exponential con-
vergence of the states of the motor to their desired values as t tends to infinity.

Proof The application of the control law given by (22) into the dynamics of the DC
motor given by (4) leads to the following closed loop dynamics:

X1 = Kixi +Kuxoxs — Kixig — Kxxoxs — g€y
X2 = Kixp —Kzxoq —g282 (22)
X3 = Kyxixp+Ksxz

Taking the time derivative of (20) and using equations (22) and the fact that
Kyx14%24 + Ksx3g = 0,

one obtains:

er = (Ki—g)e
e = (K3—g)e (23)
e3 = Kséz+Kuieier+ Kixage) + Kaxqer

Let €;(0), 2(0) and &3(0) be the initial values of & (¢), ,(¢) and e3(¢) respectively.
Also, define the constants r; (i = 1,...,5) such that
r=Ki—gi
n=Ki—g
r3 = Kye; (0)6_2(0)
rqe = Kyxp4€1 (O)
rs = Kyx14€> (O)
Note that r| and r, are negative constants because K3 and Ks are negative system param-

eters and g and g, are positive design parameters.
The solution of the first equation of (23) is:

13 (t) =] (O)erlt (24)
The solution of the second equation of (23) is:

e_g(t) =é (0)€r2t (25)
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Using (24) and (25), the third equation of (23) can be written as:
é3 (l‘) = Kse; (l‘) + F3€(r1+r2)t + e + F5€r2[ (26)

By integrating the above equation from zero to ¢, one gets:

t

e3 (t) = e3 (O)eKst + /eKS(th) (r3e(” +r)T + I"4€rlr + l"serﬂ)d’t
0
_ r3 74
= e3(0 eKSt + — e(r1+r2)t _eK5t 4+ er1t o eKst
0 —Ks+ri+n ) —Ks+r )
rs rat Kst
Ayl Chil 27
o ) 27)
= I’6eK5[ + r73€(”1+r2)’ 4 r74€r1t rfSerﬂ
—Ks+rn+n —Ks 411 —Ks+1
where,
_ r3 74 Is
re = €3(0)

—Ks+ri+r  —Ks+r  —Ks+r
Using equations (24), (25) and (28), it can be concluded that the errors e;(z), e(?)
and e3(t) converge to zero exponentially as ¢ tends to infinity.
We conclude that the controller given by (22) when applied to the the DC motor
model given by (4), guarantees the exponential convergence of the states of the motor to
their desired values as ¢ tends to infinity.

5. Simulation Results
A separately excited permanent magnet DC motor is used to test the proposed control

scheme and the proposed observer. The used motor (an MV1042-225 motor) has the
specifications given in Table 1 and Table 2.

Table 1: Values of the parameters of the DC motor

Parameter Value
R, 35Q
L, 0.0432 H
Ry 233 Q
Ly 255H
Kn

B

Im

1.9469
0.0025
0.0017
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Table 2: Ratings of the DC motor

Parameter Rating

Rated armature voltage | 220 Volt
Rated field voltage 220 Volt
Rated power 3 KW
Rated speed 1400 RPM

We simulated the performances of the closed loop system for three different cases.

1500

1000 [~

rotor speed (rpm)

o 1 2 3 4 5 6
time (sec)

Figure 1. The plot of the rotor speed w versus time (case 1)

a

voltage v

50

i i i i i
o 1 2 3 a 5 6
time (sec)

Figure 2. The plot of the armature voltage v, versus time (case 1)

Case 1.

At first, we simulated the performance of the system when the controller given by
(21) is used and assuming that all the states of the system are available for feedback. The
simulation results are shown in Figure 1-3. Figure 1 shows the plot of the rotor speed w
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voltage v f
N
o
o
N R—
i

o 1 2 3 4 5 6
time (sec)

Figure 3. The plot of the field voltage v versus time (case 1)

versus time. It is clear from this figure that the motor rotates to its desired speed (1400
rpm) within 5 seconds. Also, Figure 2 and Figure 3 indicates that the armature voltage
and the field voltage stay within a reasonable range. Therefore it can be concluded that
the proposed control scheme works well.

1500

1000 —

rotor speed (rpm)

o 1 2 3 a 5 6
time (sec)

Figure 4. The plots of the rotor speed versus time (case 2)

Case 2.

Next, we simulated the performance of the system when the controller given by
(21) is used and assumed that all the states are available for feedback. In addition and
to check the workability of the designed observer, we simulated the designed observer
given by (4). However, the estimates obtained from the observer were not used for
feedback. The simulation results are shown in Figure 4-6. Figure 4 shows the plots of
the armature current and its estimate versus time. Figure 5 shows the plots of the field
current and its estimate versus time. Note that the actual currents are plotted using
continuous lines while the estimated currents are plotted using dashed lines. Figure 6
shows the plots of the rotor speed and its estimate versus time.Again, the actual speed is
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——
\

currenti (A)
o
o
N

—0.05 |- —

—0.1

o 1 2 3 4 5 6
time (sec)

Figure 5. The plots of the armature current i, versus time (case 2)

0.9 - —

currenti ¢ (A)

o 1 2 3 4 5 6
time (sec)

Figure 6. The plots of the field current i versus time (case 2)

plotted using a continuous line while the estimated speed is plotted using a dashed line.
It is clear that the motor rotates to its desired speed (1400 rpm) within 5 seconds. Also,
it is clear from these figures that the estimates obtained using the designed observer
converge to the states of the system. Therefore it can be concluded that the proposed
observer works well and it can be used to reconstruct the states of the system.

Case 3.

Finally, we simulated the performance of the system when the controller given by
(21) is used in conjunction with the designed observer given by (4) (i.e., we used an ob-
server based controller; this means that the estimates of the states are used for feedback).
The simulation results are shown in Figure 7-11. It is clear that the motor rotates to its
desired speed (1400 rpm) within 5 seconds. Also, the armature and field currents con-
verge to their desired values. Figure 10 and Figure 11 indicates that the armature voltage
and the field voltage stay within a reasonable range. Therefore it can be concluded that
the proposed observer-based controller works well.
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rotor speed (rpm)

a

currenti_(A)

currenti y (A)

1500 T T T T T

1000 [~ ul

o i i i i i
o 1 2 3 4 5 6
time (sec)

Figure 7. The plot of the rotor speed w versus time (case 3)

0.35 B |

o
N

T
i

°
"
T

i

o i i i i i
o 1 2 3 4 5 6
time (sec)

Figure 8. The plot of the armature current i, versus time (case 3)

o
S

o
W

° i i i i i
o 1 2 3 a 5 6
time (sec)

Figure 9. The plot of the field current i versus time (case 3)
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250

200 . T

150 4

a

voltagev_ (V)

50~ T

0 i i i i i
o 1 2 3 4 5 6

time (sec)

Figure 10. The plot of the armature voltage v, versus time (case 3)

voltage v ¢ (V)
N
o
wn
i

185 i i i i i
o 1 2 3 4 5 6

time (sec)

Figure 11. The plot of the field voltage vy versus time (case 3)

6. Conclusion

This paper deals with the design of an exponential observer as well as the design
of a control scheme for the speed control of a separately excited DC motor. At first, an
exponential observer is designed to reconstruct the unmeasurable states of the system.
Then, a controller which guarantees the exponential convergence of the states of the
system to their desired values is designed. Simulation results indicate that the proposed
controller and the proposed observer work well. Moreover, simulation results show that
the proposed observer-based control scheme gave good results.
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Future work will address the implementation of the proposed observer and the pro-

posed controller on an experimental setup. Robustness to the uncertainties of the param-
eters of the systems as well as robustness to the changes in the load will also be studied.
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