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Nonlinear Robust Sliding Mode Control of Flight Simulator
(6-3) Gough-Stewart Type in Task Space

M. Litim, A. Omari

Abstract — This paper presents a sliding mode control of a flight simulator Gough-Stewart type.
The control is based on the inverse dynamic model of the robot in task space. Kinematic analysis
is also discussed. High performance tracking control of a 6 DOF Stewart platform normally
requires full knowledge of the system dynamics. In this paper, some important properties of the
dynamics of the Stewart platform are considered to develop a sliding mode controller which can
drive the upper platform angular and translation positions to the desired trajectories. Stability
analysis based on Lyapunov theory is performed to ensure that the designed controller is stable.
Numerical simulation is completed to show the effectiveness of the control system even in the case
of large parameter variations. Copyright © 2014 Praise Worthy Prize S.r.l. - All rights reserved.
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Nomenclature

P = [xyzaBy]" Operational vector

P = [xyza,[)’y 17 Acceleration vector

I = [LLELIT]T  Input torque vector

M(P) Inertia matrix expressed in
Cartesian space

C(P,P) Coriolis and centrifugal
force/torque in Cartesian space

J Jacobean matrix

m Mass of upper plate

G(P) Gravity acceleration

S Sliding mode surfaces

A 6 X 6 diagonal positive definite
matrix

K € R Gain of sliding mode

cC) Cos(")

SO Sin(.)

1(.) Inertia of the platform

I Introduction

The Stewart platform Parallel link manipulators attract
many researchers in the current decade, which have
several advantages including high speed and precision
and good capability of payload, therefore, they are
applied to various fields. A Stewart platform is a parallel
robot provides six-degree-of-freedom roll, pitch, yaw,
surge, sway and heave.

Its practical usage is for disturbance isolation, precise
machining and flight simulators. The Gough-Stewart
platform manipulator is a mechanism has six variable-
length electro-mechanical actuators connecting a top
plate to a base plate with spherical joints [1], [2]. Angular
and translation motion of the top plate with respect to the

Manuscript received and revised December 2013, accepted January 2014

67

base plate is produced by reducing or extending the
actuator lengths.

The proper coordination of the actuators length
enables the top plate to follow the desired trajectory with
high accuracy. Thus the six inputs to the Stewart
platform in term of torque are calculated by controller.

The outputs of the Stewart platform are the upper
platform angular and translation positions.

In recent years, there havebeen some remarkable
attempts to control the Gough-Stewart manipulator in the
task space.The control strategies, based on the dynamic
model of theGough-Stewart platform, vary from a simple
dynamic modelregarding only the end effectors [3], [4],
[5], or asimplified dynamic model with some
considerations [6], to a complete dynamic model based
on the Newton Euler or Lagrangian formalism, [7], [8],
[9]and [10]. In [8]adaptive control law based on the full
dynamicsobtained with the Lagrangian formalism is
applied. In [11] the dynamicmodel is obtained using the
Newton-Euler approach.A robust adaptive controller for
the Gough-Stewart is presented in [12].

Sliding mode control method exhibits the property of
robustnesswhich is able to withstand external
disturbances and parameter uncertainties [13] [14]. so
that it has been in use for control of various types of
systems including linear and nonlinear systems, SISO
and MIMO systems, discrete time models, large scale
and infinite dimensional systems and stochastic systems
[15].Magnetic levitation in [16]. Robots manipulators
presented in [17]. DC-DC converters in [18] [19].
Underwater vehicles[20] and photovoltaic solar in [21].

In this paper sliding mode controllerfor a nonlinear
inverse dynamic model of platform in task space using
the Lyapunov method is considered. The control is based
on the inverse dynamic model in task space of Stewart
platform (6-3) type using sliding mode control to drive
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asymptotically the upper plate's angular and translation
positions to the desired trajectories. The remainder of this
paper is organized as follow. The kinematics and direct
dynamics model of the Stewart platform are discussed in
Section 2. In section 3 the sliding mode controller
applied to the inverse dynamic model is developed.
Section 4 shows the simulation results of a sliding mode
controller (SMC).
Finally, section 5 concludes the results.

II. Modeling of the Gough-Stewart

Platform

A. Kinematic and geometric modeling
For geometric modeling and kinematics of a Stewart
platform type (6-3), the following conventions are used

(Fig. 1).

Fig. 1. Generalized (6-3) Stewart platform manipulator

The centers of the spherical and universal joints are
designated by B; (i = 1,2...6) and P, (i = 1,2...6),
respectively. The installation of the mobile platform is
represented by six-operational variables: three variables
(X,Y,Z) for linear displacements along the three axes
and three angles for orientation (a, 8, ¥).

The operational vector is then written:

P = [XYZapy]" 6]
Then the length of the leg is the amplitude of the
vector B;P; is given by:
L; = |[BF| = |[B.0 + OC + RCE™|| @)
This is the inverse geometric formula that gives the
length of each leg for a given desired position and
orientation of the end effectors. The direct geometric
model which give the position X,Y,Z and orientation
angles a,f,y for a given measured value ofL;, i =
1,2 ...6 . This model is nonlinear and is solved using
numerical methods. The inverse kinematic model give
the velocity of the active joint L; for a given end effectors
linear and angular velocity and is given as:
P=]L 3)
where ] is a 6x6 Jacobean matrix of the platform with
respect to the base frame [7]:
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T

nf(RCB{"/\nl)
T
nY(RCBY /\nz)

T

nf (RCBY /\nG)
P= [X YZ dﬁ}'/]T , i is unit vector, R is rotation matrix.

B. Dynamic modeling

The dynamic modeling of Stewart platform
manipulator has been extensively studied by many
researchers [7].

The methods used are Lagrange, Newton Euler and
principle of virtual work [11]. Using Lagrange method, it
can be written as:

d 0K(P,P). O0K(P,P) 0Q _

- 4
dt*  op ap ap ' @

Recently, the problem of control of robots has
required a deeper analysis of the structure of this
formulation. Thus, we will not directly use (4) but we use
(5) which is derived from (4) [7].

The actuator torque 7 is given in task space [8] as:

M(P)P +C(P,P)P+G(P) =T %)
where M(P) is a 6x6 inertia matrix, which is a
symmetric and positive definite for all P € R®; C(P, P)P
isthe Coriolis/Centripetal vector; G(P) and T are 6x1

vectors containing gravity torques and input torques,
respectively. Some pertaining properties are given below.

Property 1:

M(P) is bounded function if and P and P are bounded.
C (P, P)is a bounded function if, and P, PP are bounded.
G (P)is bounded if P is bounded.

Property 2:

M is a symmetric and positive definite matrix for
allP € R Moreover, M —2C is a skew-symmetric
matrix, such that PT(M —2C)P =0 Vx € R"

To obtain the kinetic and potential energies, the
Stewart platform can be divided into two parts: the upper
platform and six legs. In this study, it is assumed that the
mass of each leg is too little than mass of upper platform
then it can be neglected. For the upper platform the
kinetic energy is the sum of the translation energy and
the rotational energy of the body about the center of
mass. We therefore obtain:

o1 o
K(P,P) = Em(mf)(x2 +Y2+27%)+

2o (©)
+5 Q) LanpQons)
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where m, ) is the mass of upper platform, I,y is the
tensor of inertia that is easy to write within a frame
associated with the platform I, = diag{lx,Iy,1z} and
Qemp) is the angular velocity of upper platform that it is
defined within the TOP frame:

Qmpy = Rz Ry (@) Ry (B)" 2z 7

where ¢ denotes the angular velocity of the moving
platform with respect to the base frame.

R.(@),Ry(B) and R;(y) represent the
matrices around X, y and z-axis.

Given the definition of the angles a,ff and y, the
angular velocity, sy is:

rotation

D(rpy = @Ry (B)X + BY + YR ()R, (V)Z =

cosBp 0 sinf1f1 0 O

[ 0 1 0 0 0 O]+

—sinff 0 cospllo 0 0 .

00 0] [1 O 0 a

=+010+0cosa—sina‘ﬁ=

0 0O 0 sina cosa B )]
cosy —siny

'[siny cosy
0 0

01[0 0 0
oflo 0 o
lo o 1

cosfp 0 0 a
:[ 0 1 —sinal B
B

—sinff 0 cosa

In the moving platform coordinate system, the angular
velocity of the moving platform given in Eq. (7) is
calculated as:

Dempy =
cy casy —cacysf — casasy + cacBsasy||a
=|—sy cacy -—cacysa+ casfBsy+ cacﬁsacy‘ [[3
0 —sa s?a + ctacp B

where s(+) = sin(:) and ¢(-) = cos (.). As a result, the
total kinetic energy of the moving platform in a compact
form is given by:

1 L
—Myr (X2 + Y24+ Z22) +

K= K(trans) + K(rot) = 2

T
+5 Qonpy Lanp Qons)

The potential energy of the Stewart platform is easy to
express as:

011X
0|y
ol !B
odLly

The inertial matrix M can be written as:
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m 0 0 0 0 0

0 m 0 0 0 0
w0 0m 0 0 o0
10 0 0 My Mys My
0 0 0 Msy Mss Mse

0 0 0 Mey Mgs Mg

My, = I,CEC} + 1,C3SE + 1, S}
Mys = Ms, = (I, — L,,)CgC, S,
Myg = Mgy = IzS,B
Mss = ISP + 1,C}
Mgs = I,
The Coriolis-Centrifugal matrix can be written as:

0
0
0
—KiB — Ky
Kid + K,y
K,a — K,
0

SO OO OO
SO OO OO

0

) 0
~Kig —KsB+ Ky V=K + K,
ksy K + Ksf

—K,& — K8 0

OO0 OO OO OO

Kl = Cﬁ‘SB(C)?Ix + S}%Iy + IZ)
K, = C5C,S, (I, — 1)

Ks = C,S,S,(I, — L)

1
Ky =5 Cp(Cy = $)(Cy + S = 1)
Ks = C,S, (I, — I,))

where I(-)represent the inertia of the platform.

I11.

In this section we will illustrate the application of
sliding mode controller on the inverse dynamics model in
task space of (6-3) Gough-Stewart platform.

Sliding mode control approach consist of two steps;
the first is the reachability phase and the second is sliding
phase.

In reachability phase, states are being driven to a
stable manifold, called sliding surface by means of
appropriate control law. Thereafter, in sliding phase,
states should stay on the surface while sliding to an
equilibrium point.

Sliding Mode Controller Design
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The tracking control problem in task space is to find a
control law such that given a desired trajectory Py, ,
thetracking error e; tends to zero where:

eiZPm_Pdes (10)

The relative degree of the system r = 2, the sliding

surface selected in our work is given by:
s=Jle+é (11
where 1 is 6 X 6 diagonal positive definite matrix.

Keeping S equal to zero by an appropriate control law
will lead to asymptotic stability of the system. Lyapunov
direct method could be used to obtain the control law that

stabilizes the system.
Consider the Lyapunov function candidate as:

V(s) = %STS (12)
Time derivative of (12) will lead to:
V=5Ts (13)
In which the term S is given by:
s=Ae+ B, — Py (14)

From (5) the equation of inverse dynamic model in
task space is written by:

P=MP)(J'T — C(P P)P — G(P)) (15)
Assumption 1: The inertia matrix M is invertible.
Assumption 2: The mechanical system is designed so that
the Jacobean matrix is nonsingular in the whole

workspace. Taking (15) for P,and substituting in (14)
results in:

5=MP)(JTT = C(P P)P = G(P)) = Pyes + A6 (16)

Defining the control signal as:

=T —]TMKsgn(S) (17
where:
I = [LLLLEL]T
and I is defined as:
[ =]7T[M(P)(Pyes — 28) + C(P,P) + G(P)]  (18)
will cause:
S = —Ksgn(S) 19)

where K € R®'is the gain and sgn(S) is switching
function and respectively:
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V=-STKsgn(s) <0 (20)
Hence, according to the Lyapunov theory the control
law (17) will result in a stable closed loop system. In
practice, the control law (17) cannot be used because of
containing the term sgn(S) which results in high
frequency oscillations, called chattering, and it is
replaced by a continuous approximation.
Chattering may be reduced by using a high saturation
function. We define control law and tracking as:
I'=1—J TMKsat(S) (21)
where sat(S) is a saturation function and can be defined
as follow:

# ifs> 6
s+l

which provide a very smooth control action.

IV. Simulation Results

In-order to examine the effectiveness of proposed
controller Simulation has been performed. The platform
can perform rotational and translation motion (surge,
sway, heave, roll, pitch and yaw).

The simulation is carried out on a 6-3 Gough-Stewart
platform model to verify the feasibility of the proposed
control scheme.

The physical properties of the
platform are considered as in Table 1.

Stewart-Gough

TABLEI
PARAMETERS MODEL OF STEWART PLATFORM
Parameters Values

Mass (kg)
m 200 kg
Platform inertial (kgm?)
| - 30
I 30
yy
Lz 60
g 9.81
Nominal height of moving platformm
h 0.55

The position and orientation of upper platform P is
determined by:

0.3 cos(wt)
0.3 sin(wt)
0.2 4+ 0.55 sin(wt) [m]
0
0
0

The median position is selected as nominal operating
point during simulation, P = [0 0 0.55 0 0 0] [m].

International Review of Automatic Control, Vol. 7, N. 1
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Reference
Trajectory

Dynamics
Model of

Fig. 2. Dynamic model with SMC of spatial 6-DOF parallel

manipulator in Simulink

Initial Position platform with nominal point

Fig. 3. Initial position of 6-3 flight simulator

TN

2 Referance
2 Mesur

z-axis displacement [m]

N

e

0 05 1 15 2 25
time [sec]

3

35

Fig. 4. The displacement of upper platform within Z-axis

x Referance
— xMesur

\

x-axis displacement [m]

/

/

04

0 0.5 1 15 2 25
time [sec]

Fig. 5. The displacement of upper platform within X-axis
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——y Referance
——y Mesur

HIVZR T\ /

y-axis displacement [m]

) Nl

0 05 1 15 2 25 3 35 4 45 5
time [sec]

Fig. 6. The displacement of upper platform within Y-axis

vz

NSNS NSNS
[ NS NS S S N\

jon in Z-axis [m]

Error Positi
—

0 T 1 i 7 7

time [sec]

Fig. 7.Error position of upper platform within Z-axis

—Eroroix

Error Position in X-axis [m]

7
time [sec]

Fig. 8. Error position of upper platform within X-axis

—Erorol Y

Error Position in Y-axis [m]
&
—

time [sec]

Fig. 9. Error position of upper platform within Y-axis

The simulation results illustrated in Fig. 4, Fig. 5, and
Fig. 6 show a good displacement of upper platform with
a good regulation in different axes.

In Fig. 4 the reference trajectory in z-axis is given as
0.2 + 0.55sin(wt), the platform is regulated in this
position, with a good and same displacements of legs
(active joints) illustrated in Fig. 7.
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Fig. 7, Fig. 8, Fig. 9 show a good tracking of desired
trajectories in x, y and z direction respectively with some
variations of active joints presented in Fig. 11 and Fig.
12.

0.6
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Joints displacement in z direction [m]
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Fig. 10. Joint trajectory displacement with sliding mode control

Joints displacement in x direction [m]
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Fig. 11. Joint trajectory displacement with sliding mode control
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Joints displacement in y direction [m]

Fig. 12. Joints trajectory displacement with sliding mode control

V.

A sliding-mode controller design approach is used
successfully for the regulation and tracking of a multi-
input multi-output Gough-Stewart platform type.
Stability analysis based on Lyapunov theory is performed

Conclusion
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to guarantee global, asymptotic and exponential
convergence. And some important properties of a
dynamics of the Stewart platform have been derived to
develop a sliding-mode controller which can drive upper
platform angular and translation positions to the desired
trajectories.
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