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Abstract:  Based on nominal model, anovel global sliding mode controller (GSMC) with a new control
scheme is proposed for a practical uncertain servo system. This control scheme conssts of two combined
controllers. One is the global sliding mode controller for practical plant, the other is the integral back
stepping controller for nominal model. Modeling error between practical plant and nominal model is used
to design GSMC. The steady state control accuracy can be guaranteed by the integral backstepping corr
trol law, and the global robustness can be obtained by GSMC. The stability of the proposed controller is
proved according to the Lyapunov approach. T he simulation results both of sine signal and step signal
tracking for 3 axs flight table are investigated to show good position tracking performance and high ro-
bustness with respect to large and parameter changes over all the response time.
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Recently the need for high performance servo tions that allows the design of controllers for a class
system has been increased in many applications, of nonlinear processes'”. It has been demonstrat-

such as Fraxis flight table. In 3axis flight table ed®* that the controlling linear systems with

servo systems, uncertain factors can reduce the backstepping controllers, compared to the certain-
tracking performance involving highr precision, ro ty-equivalence controllers, lead to possible signifi-
bustness tasks' 1. M oreover, uncertain factors are cant improvements of the transient performance,

generally dependent on the hardware architecture without increasing the control effect. Stability

of the motors and may also change over time. analysis, which represents a major drawback of
Backstepping is a recursive procedure for sys traditional controllers, can also be easily performed
tematically selecting the control Lyapunov func via the backstepping method.
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Since the publication of the first papel ¥, sig-
nificant interests in sliding mode control ( SMC)
have been generated to provide research in the dr
rection of real world control problems solving[é].
After the seventies of the 20th century, the SMC
has become more popular and now adays it enjoys a
wide variety of applications in electro mechanical

7l The main reason of this popularity is

systems
the attractive superior properties of SMC, such as
good control performance even in the case of uncer
tain systems. The most favorite property of SM C is

its robustness' ¥ .

Generally speaking, a system
controlled by a SMC is insensitive to parameter
changes or external disturbances.

Despite its invariance properties, the robust
ness of the conventional sliding mode controller to
uncertainties and external disturbances may not be
preserved during the reaching phase. To reduce the
reaching phase duration, the global sliding mode
control was proposed, which ensures sliding behav-
ior throughout an entire response.

T here have been some papers in global sliding
mode control design for uncertain servo system.
For example, a global sliding mode control was
proposed for companion nonlinear system[ ? the
insensitivities of the system to external disturbance
and parameter uncertainties are guaranteed from
the very beginning of the proposed control action,
however, the controller is designed only for certain
servo system. Another GSMC was proposed for
controlling an uncertain system with torque lim-
jtsl 1011 , but the nominal model is not used.

A new control scheme for uncertain servo sys
tem is considered. An integral backstepping corr
troller is designed for nominal model to get high
steady state control accuracy. Modeling error be
tween practical plant and nominal model is used to
design global sliding mode control. Global sliding
mode controller is designed for practical plant to get
global robustness. Moreover, the control input sig-
nal of nominal model is used as an input signal of
global sliding mode controller.

T he rest of the paper is organized as follows:

3 axis flight table servo system is described in Sec

tion 2. A novel control system combined with
GSMC and backstepping controllers is designed in
Section 3, and the stability analysis is presented.
Examples are given to illustrate the results of the

proposed controller in Section 4. The paper is con-

cluded in Section 5.

1 System Description
T he 3-axis flight table is a typical high perfor

mance position and speed servo system used in the
hardware irr the loop simulation of flight control
system. T he table is a three axis servo system with
high precision position tracking and speed track-
ing, which can be used to reproduce the orr ground
dynamic moment of many kinds of aircraft. Each
axis of the servo system can be considered as an
electromechanical servo system.

T he experimental frequency response with the
analytic ones is shown in Fig. 1. T he analytic ones,
obtained by HP frequency analyzer, are plotted as
dashed lines. In Fig. 1, the deviation between the
experimental results and the analytical ones in
higlr frequency region above 100 Hz is due to the
effect of the noise corruption, and that in the low-
frequency region below 3 Hz is due to weakened
performance of the frequency analyzer at this fre-

quency.

A/dB

fIHz

Fig.1 Comparisons of analytic and experimental charac

teristics of 3 axis flight table
From Fig. 1, the practical plant can be as-
sumed as a classical uncertain servo system,

JO+ BO= u+ d (1
Where J is the moment of inertia, B is the damp-
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ing coefficient, u is the control input, and 0 repre
sents position, J> 0, B> 0 . In the practical 3
axis flight table, the moment of inertia J is time
varying parameter, therefore, the system function
Eq. (1) is uncertain, and d represents the external
disturbance, uncertainty as well as unmodeled dy-
namics.

According to Fig. 1, using transfer function
approaching method, the nominal model of the

plant can be obtained as

Jne‘l' Bnen: B (2)
where J, is the nominal moment of inertia, B, is
the nominal damping coefficient, P is the control

input, and 0, represents position. J,> 0, B,> 0.

2 Controller Design

T he control system structure is shown in Fig.
2. The system has two controllers, one is the glob
al sliding mode controller for practical plant, and
the other is the integral backstepping controller de

sign for nominal model.

6, ellf ~ i 4
] - Nominal s
o Backstepping model l
O
n
*GSMC_M’ Practical o >
e plant

Fig. 2 Control system structure

From Fig. 2, it can be seen that nominal mod
el is controlled by backstepping, and the modeling
error between practical plant and nominal model
can be decreased by the global sliding mode corr
troller, thus high tracking precision and high ro
bustness can be obtained.

2.1 Backstepping controller design for nominal
model

High precision performance of position track
ing for servo system can be obtained by using the
integral backstepping control method*!. In this
design, the integral action is ultilized to design the
backstepping controller.

Firstly, we define the position tracking error

e1= 0,— 0, and compute its dynamics as
% = 06— Bn (3)
T his definition is directly related to the control
objective: minimizing the position tracking error
e1. Through stepby-step backstepping design, the
tracking error will be made to converge to zero
asymptotically. If the angular velocity © is the
control input, it is possible to choose ® to render
the exponential convergence for the system. One
example of such a choice is to pick
©= cre;+ 6 (4)
where c1 is a positive constant. This generate the
desired exponential behavior for the tracking error
el as
dey
di

Since the angular velocity © is only a system

=— crej (5)

variable which has its own dynamic behavior, the
angular velocity can not be specified as in Eq. (4).
But it is still possible to specify a desired behavior
for 0, and therefore to take the angular velocity 0,
as the “virtual” control. This desired behavior for
the “ virtual” control ® is chosen as following

W= crer+ 0+ Nz (6)
where Aj is a positive constant at the disposal of the
designer, and the integral item z i is defined as the

integral of the position tracking error as

z1= J‘le1(t)dt (7)

0

In Eq. (6), the integral action is introduced

into the desired behavior for the angular velocity
@ The idea of using integral action in the back-
stepping design was first proposed in Ref.[ 2]. By
integrating this integral action into the stabilizing
function, the convergence of the tracking error to
zero at the steady state can be enforced. Since the
angular velocity ® is unable to control, there is a
dynamic error between the angular velocity ©, and
its desired behavior ©., which can be computed as,
e2= Wr— Wy (8)

%: 01%1+ 0+ Mei- JEHJF %Bn (9)

With the definition of ez, the position track-
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ing error dynamics in Eq. (3) can be rewritten as

%=— ciel — )\121+ el (10)
Substituting Eq. (10) into Eq. (9), it is obtained
that

des .
0 ci(- crei— Mzi+ ex)+ 0.+
b B,
Nej — 7t Eﬂ (11)

Choosing a Lyapunov function candidate as

N, 1 2 12

Vi= Sz1+ Sel+ Se2 (12)
And compute its derivative V1
‘ . dei de2
Vi= Nzizi+ e det+ e det =
MNzier+ ei(— ciei— MNzi+ ex)+ ex®
. B,
|:cl(— ciel— Nzi+ ezj+ O+ Nei- ]u+ ]_67;| =

el(— clei+ e2) + €2|:Cl(— clel— Nzi+ e2)+

3
U+ )\w]—J—n+ J—G} (13)

Now it is ready to choose the controller to car
cel some undesirable dynamics. Choose the back
stepping control law as

b= Juf(1- ol + MNer+ (ci1+ c2)e2—

cihzi+ 0+ B0, (14)

where c2 s a positive constant at the disposal of the

designer and it actually determines the convergence
speed of the velocity tracking loop.

Substituting Eq. (14) into Vi, gives

Vi=—- ciei- caes SO (15)

According to the Lyapunov stability analysis,
the developed control law Eq. (14) can guarantee
e1= Oand ex= 0.

2.2 Global sliding mode controller design for
practical plant

Partly reference to Ref.[ 10], a global sliding
mode controller is designed as follows.

Assumption 1: the known ranges of parameter

variation in plant Eq. (1) are

Jn SJ SJu (16)
Bn S B < By (17)
| d | <dy (18)

Define the tracking error between nominal
model and practical plant as
en= 0- 0, (19)

Define the global sliding line s= O to have the

form
s= ent Jen— f(1t) (20)
where A> 0.

The term f (t) is the forcing function in the
sliding dynamics and is designed to satisfy the fol-
lowing conditions

(a) f(0)= eno+ eno;

(b) f(t)" Oast oo

(¢) f(t) has a bounded first derivative with
respect to time.

Here e,o and ey are the position error and ve-
Condition ( a)
implies that the system state is initially located in
Condition ( b)
asymptotic stability of the closedloop system.

locity error at t= 0, respectively.

the sliding regime. implies the
Condition ( ¢) is required for the existence of a slid-
ing mode.

If conditions (a)-(c) are satisfied and the con-
trol law is designed such that the sliding condition
holds near the sliding regime, the asymptotic sta-
bility is ensured and the sliding mode exists contin-
ually so that the robustness is ensured throughout
the entire response.

According to the above analysis, f () can be
defined as

Sf(t) = s(0)exp(=Tt) (21)

where 1> 0, and s(0) is the initial value of s.

Let Abe
B,
A= —
7 (22)
Define the medium value
1
Ja= E(.]m"" .]M) (23)
Bi= S(Bu+ Bu) (24)

To maintain s= 0 continually, the following
global sliding mode control law is indroduced,

u=- Ks— h(0,0,¢) *sgn(s)+

Ja J_n”‘ 0|+ B.D (25)
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where K > 0. The item h(0, 0, ¢) is defined as

R(0.0, 1) = dw+ F(Jn— Jn) ]inu_ 0+

(Bu= Bw) | 01+ Junll s(0) | exp(~ 1)
(26)

Theorem 1. For system (1), if the control law is
designed as Eq. (25), the sliding mode will reach
to zero and the tracking error will asymptotically

converge to zero.
Proof.

Define Lyapunov function as
Vaz s’ (27)

From Eq. (20),
Js=J[(0-8.)+ NO- 0.)+ T(0)exp(~ )] =

(Jo+ BO)- .}L(]n'en+ B.0.) - B0+ NO+

Jh(0jexp(— )= u+ d- Lu_ Bo+

Jn
NO+ J0s(0)exp(— Nt) (28)
Substituting control law Eq.(25) into Eq. (28)
yields
Js == Ks— h(0,0,t)sgn(s) + ]a[jlll— 79]+
Bd+ d- Bo- ]J—u+ N0+ JNs(0)exp(— Nt) =

- Ks— h(0,0,t)sgn(s)+ d+ (Ja—J)*

{Jlnu— )B}+ (Ba— B)0+ JTk(0)exp(- 1)

(29)

T he derivative of V3 is

Vo= Jss=— Ks'— h(0,0,¢) 1 s+ s[d+

(Ja- J)[]]_ali— )‘9} (Ba- B)‘e] + sJT5(0) *
exp(— ) S Ks?= h(0,0,¢) 1 sl+1 sl

1 ]
4 pu_
Jn N

[Idl+|]a—]| +1 B.— Bl

I 01+ J0I s(0) | exp(— rlt)] (30)
According to Eq.(23) and Eq. (24) ,
T JVSS(n-Tw) (3D

| Bi- BISS(Bu- Bu) (32

Since

h(0,0,0) 21 di+1 Jum J | Jiu_ 04
| Ba= BII D1+ J0I 5(0) | exp(= Tt)
(33)

Hence the follow ing relation is obtained,
V, & Ks? (34)
Utilizing Eq. (27) and Eq. (34) gives

s(1) <Us(0) 1exp|- (35)

Eq. (35) indicates that s(¢) will converge to zero
exponentially, thus, the tracking error will con-
verge to zero.

Considering Eqgs. (15) and (35), it can be
seen that the practical position output will track the
position command by adopting the proposed con-
troller Eq. (14) and Eq. (25). In addition, if the
practical plant modeling is precise enough, the gain
coefficient of switch term sign( s) can become
small, therefore, the chattering phenomenon can

be decreased greatly.

3  Simulation

Consider a practical 3axis flight table servo
system as follows
JO+ BO= u+ d (36)
where J(N*s/(°)) represents the equivalent iner
tia, B(N*s*/(°)) represents the equivalent damp
coefficient, u(N) represents the control input sig-
nal, d (N) represents the equivalent disturbance,
and 0(°) represents the angle.
Assuming d( t) is symmetric random weight

value whose maximum value is 1. 0.

In controller Eq. (14), assuming J,= ﬁ,
25
B.= 133° the parameters are chosen as ¢i= 100,
= 100, A= 5.
In controller Eq. (25), assuming J.= %,
1, _1s ., 35
M= T03 Br= 163 BY= 103
B,
T herefore, dm= 1.0, A= ]_= 25, choose
K= 20, 0= 10.

Assuming the initial state of the practical plant

is [0.5,0]. Choose the reference signal as 0,(t)=
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Asin(2nFt), A= 0.5, and F= 3. 0Hz. The sinr
ulation results are shown i Fig. 3Fig. 5. Fig. 3
shows position tracking with proposed control
method, Fig. 4 shows its position tracking error,

and Fig. 5 shows its control input signal.
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Fig.3 Position tracking with propesed control method
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In order to display the effect of static track
ing, choose the reference signal as 0,(z)= 10. The
simulation results are shown in Fig. 6 Fig. 8. Fig. 6
shows the position tracking with proposed control
method, Fig. 7 shows the position tracking error,

and Fig. 8 shows its control input signal.
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Fig.6 Position tracking with propesed control method
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Fig.7 Position tracking error
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Fig.8 Control input signal

T he simulation results of sine signal tracking
and step signal tracking indicate that the proposed
controller have good performance for both dynamic
position tracking and position static tracking. High
precision tracking performance can be obtained,
and high robustness with respect to large and pa-

rameter changes can be received over all the time.

4  Concusions

A new control scheme has been presented for
Faxis flight table servo system. In this scheme,
nominal model is controlled by backstepping. In

order to decrease the modeling error between prac-
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tical plant and nominal model, global sliding mode
controller is designed. The steady-state control ac
curacy can be guaranteed by integral backstepping
control law, and global robustness is obtained by
GSM C. Simulation examples for sine signal and
step signal tracking have indicated that good posr
tion tracking performance and high robustness with
respect to large and parameter changes can be re

ceived over all the response time.
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