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Vibration Suppression of Flexible Joints Space
Robot based on Neural Network

Lijian JIANG, Wenhui ZHANG, Jinmiao SHEN, Yangfan YE, Shuhua ZHOU

Abstract—aA vibration suppression control method based on
neural network for space robot is proposed. At the same time,
considering the uncertain factors such as model inaccuracy
and joint flexibility, the dynamic model of space robot is
established. Based on singular perturbation theory, it is
decomposed into fast subsystem and slow subsystem models
for control respectively. Using the nonlinear approximation
characteristics of neural network, a radial basis function
neural network (RBFNN) controller is designed to
approximate the unknown nonlinear system. In order to obtain
the best hidden layer Gaussian map, the Taylor linearization
method is used to linearize the nonlinear Gaussian function of
RBFNN, and the on-line adaptive adjustment rates of
parameters including network weight, Gaussian function
center and width are designed to improve the approximation
accuracy of neural network. A robust controller is designed to
suppress the external disturbances. A velocity differential
feedback controller (VDFC) is designed to suppress the elastic
vibration of flexible joints. Experimental results show the
effectiveness of the proposed scheme.

Index Terms—Flexible joints, space robot, neural network;
robust control, uniformly ultimately bounded.

I. INTRODUCTION

ith the development of space exploration, higher
performance and precision of space robot
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manipulators are required[1]-[2]. Space robot can not only
undertake maintenance, installation and other tasks, but also
replace astronauts to perform dangerous tasks, which
undoubtedly puts forward higher precision requirements for
the trajectory tracking performance of space robot[3]-[4].
Space robot manipulators is a strongly coupled and
nonlinear multi-input  multi-output(MIMO)  complex
system[5]-[6]. In recent years, international scholars'
researches on space robot manipulators mainly stay on the
premise of rigid model hypothesis, and have produced many
theoretical research results [7].

In fact, the space robot belongs to a typical flexible
multi-body system. In particular, the actuating joints of the
manipulators are non-rigid coupling with elastic vibration.
These elastic sources are mainly due to the mechanical
components such as hole and shaft coordination and
harmonic reducer. The flexible link of the mechanical arm
can absorb the external impact energy and reduce the hard
damage, but the damping delay of the flexible link will cause
the joint rotation angle and the motor rotor rotation angle
cannot be synchronized, the accumulated dislocation error is
obviously not conducive to the high-precision operation of
the space robot manipulators[8]-[9].Moreover, in the
undraped space environment, the vibration brought by the
flexible link is more likely to be excited and attenuated
slowly, or even to cause vibration diffusion, which
obviously will seriously affect the real-time high-precision
stability control of the space robot[10].

At present, international scholars have proposed many
control schemes for MIMO(Multiple input multiple output)
nonlinear systems[11]-[12]. Nanos[13] established a
dynamic equation for space manipulators with flexible joints,
and proposed a static feedback linearization control method.
Under the condition of ensuring the trajectory tracking
control accuracy, the calculation amount of this method is
lower than that of the traditional linearization calculation,
which has higher real-time performance. Ulrich[14]
proposed a model reference adaptive control method based
on singular perturbation theory for space robot with flexible
joints, which has good reference value. Yang et al.[15]
conducted dynamic modeling for flexible articular space
manipulators, and conducted in-depth research on the
impact of flexible joint vibration on the system, which
provided references for subsequent studies. Liang J et al.[16]
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proposed a non-singular fuzzy terminal sliding mode control
method for space manipulators with flexible joints. By using
fuzzy adaptive control of sliding mode controller gain, the
sliding mode vibration was reduced, and a good control
effect was obtained at the same time. Chen Z Y et al.[17]
studied the anti-disturbance motion control of uncertain
elastic base and elastic joint space robot, as well as
synchronous suppression of vibration of base and joint, and
proposed an improved adaptive robust anti-interference
control method, which provided a new idea for synchronous
suppression of matrix elasticity and joint elasticity. Liu X et
al.[18] designed controller based on RBFNN for an
unknown model flexible joint robot, and applied it to single
link flexible joint robot, the simulation results verified its
reliability. Cui L L et al.[19] proposed a trajectory planning
method, which was solved by particle swarm optimization
algorithm to suppress the residual vibration generated at the
end. Li WP et al. [20] proposed a hybrid controller that
combines input shaping technology with ADRC (adaptive
disturbance rejection controller) to reduce external
disturbances or self-generated vibrations. Numerical
simulation results show that the method is feasible.

To study the control problem of space robot with joint
flexibility, not only the trajectory tracking problem of rigid
body motion should be considered, but also the vibration
suppression problem caused by joint flexibility should be
dealt with[21]-[25]. No root space robot system at the same
time, the floating base substrate coupling effect of
mechanical arm not only exist, but also exist in the process
of fuel consumption and parameters such as liquid sloshing,
grab and release target load uncertainty problem these
increased the difficulty of controller design, caused a lot of
traditional control strategy is difficult to apply[26]-[29].

On the basis of the above research, taking into account the
uncertain factors such as model inaccuracy caused by joint
flexibility and measurement level constraints, the main
contributions of this paper are as follows:

1) Considering the uncertain factors such as model
inaccuracy and joint flexibility, the dynamic model of space
robot is established, it is decomposed into fast and slow
subsystem models based on singular perturbation theory.
Using the nonlinear approximation characteristics of neural
network, RBFNN controller is designed to approximate the
unknown nonlinear model, so there is no need for an
accurate dynamic model.

2) The traditional neural network control only designs the
weight adaptive learning rate to realize on-line real-time
adjustment. Different from the traditional control method, in
order to obtain the best hidden layer Gaussian map, the
Taylor linearization method is used to linearize the nonlinear
Gaussian function of RBFNN, and the on-line adaptive
adjustment rate of parameters including network weight,
Gaussian function center and width is designed to improve
the approximation accuracy.

3) A robust controller is designed to suppress the external
interference and improve the control accuracy. VDFC is
designed to suppress the vibration. The proposed algorithm
is simple, fast and real-time.

II. DYNAMIC SINGULARLY PERTURBED MODELING OF
SPACE ROBOT SYSTEM WITH FLEXIBLE -JOINT

Based on Newton's second equation, the dynamic
equation of a free floating space robot with flexible joints
can be derived as follows[30]:

Fig. 1. Space robot with flexible joints model

J,0+K(@O-q)=7 1)

D(g,, )6+ N(0y,0,9,0) - K(@—0q) =0 (2)

Where 0=[6, 6, are the rotor

angles,q =[0, @,] are the angles of the arm joints, G is
matrix attitude angle of the carrier;
J, =diag(J,,,J,,) € R®* is the diagonal npositive

definite inertia matrix of the motor; D(q,,q) € R*? isthe

symmetric definite inertia matrix of the

boom; N (0, q. 0, 0) € R® are arrays containing coriolis

positive

force and centrifugal forces; K = diag(kj, k,) is the joint

stiffness coefficient constant matrix; 7 =z, z'z]T is the

motor output torque array.

Considering that the space manipulator with flexible
joints is a rigid flexible coupling nonlinear system, the
singular perturbation theory is used to decompose the
system into a slow subsystem representing the rigid
characteristics and a fast subsystem representing the flexible
characteristics, and then the sub-controllers of each
subsystem are designed respectively for the two subsystem
models:

T=T, 47, 3)
Where 7 is the master controller, 7 is the slow subsystem

controller, and 7 is the fast subsystem controller.
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Defining K, =¢&’K , € is a minimal normal number.

The system "fast" variable is Z= K (6 —(), Substitute it

into the system dynamics equations (10) and (11), and get:
D(d,,9)G+N(q,,0.4.6)=2 (4
2,7+ Kz=K,(r-J,4) ()

K
For fast subsystems, defining K, = —2, K, is positive

definite diagonal matrix. VDFC is designed:
7, =K. (q-0) (6)

Substituting equation (6) into equation (5) to obtain the
second-order differential dynamics equation of the fast
subsystem:

J,7+eK,2+Kz=K/ (z,-J,6) @

. K
limit value K:—z1 ;then
e

When & — 0 take the
K — 0,50 the joint is equivalent to a rigid joint. Then
0=q, 0 =g Substitute into Eq. (1) and Eq. (2).The

corresponding equivalent stiffness model can be obtained,
which is also the dynamic equation of the slow subsystem:

M (0, 9)G+C(0,0,9) =7,  (8)
Where M (0,,q) = D(q,,q)+J,, C.(d,,0,q) is the
new vector of N(q,,,d,6) in 6=

I1l. DESIGN OF ROBUST CONTROLLER FOR SLOW
SUBSYSTEM BASE ON NEURAL NETWORK

A vibration suppression controller based on adaptive
neural network is designed. The specific design idea is
shown in the Fig.2 below:

PID controller

K s

space manipulator 0
with flexible joints |,

> Gar¥la i Trw
RBFNN controller

Y

Robust controller

=
=
=
o]
>
-
)

Fast subsystem

_____________________________________________________

Fig. 2. Technical route of control system

In order to better design the control algorithm of the slow
subsystem, Eq.(8) is rewritten into the following quasi-linear

form. This quasi-linear treatment C,(Q,, d, §) only changes

the expression form of the formula and does not generate any
model precision loss:

M (dy, )6 +C (0, 0, G)G =7, )
Eq.(9) has the following properties[30]:

Property 1: C(q,,d,q) € R the form is not unique,

x"[M (0, 9)G—2C(qy,0,4)]x =0, vx e R*.
Property 2: For M(q,,Q) ,there is a normal number
A and A4 bounded

Al < XM (@, @)% < 4, [ %, € R

There is a normal number A, ,

making it

Property 3 :

IC (0., A)]| < A i
Let gy =[0hy

the joints of the slow subsystem, and e be the position
tracking error of the subsystem.

0,4 ]T be the expected position vector of

€=q, —¢ (10)
Let S be the filter error sliding surface of subsystem:
s=€+Ae (11)

Where A = AT > Qis positive definite matrix, set Q, as
the subsystem reference trajectory:
g, =q, +Ae (12)
In Eq. (12) and vertical equation (18), the closed-loop error
equation of the subsystem can be obtained as follows:
Ms$+Cs + 7, = Md, +Cq, (13)

When the model parameters are known, K|, is defined as a

positive definite matrix, and the following control law is
designed to ensure the global asymptotic stability of the
subsystem.
Ts = M(qoiq)qr +C(q01q’q)qr +KVS (14)

Proof: construct the following Lyapunov function:

1

V ==5"Ms
2

In combination with Eq. (13) and Eq. (14):
V=-s"Ks<0

Then the control system is stable. However, in practical

engineering, the parameters of the grasping load P at the

end of the mechanical arm are uncertain, so it is difficult to
obtain the accurate model of the subsystem, and extract the

uncertain model f of the system, then

f =M (g, )8, +C(0,0.6)d, (15

Substituting Eg. (15) into Eq. (14), then the control law
equation is:

r,=f+Ks (16)

Therefore, if the uncertain part f can be accurately

compensated, the control system will be stable.

In this paper, radial basis neural network (RBFNN)
with universal approximation characteristics is selected as a
compensator to realize approximation compensation for

uncertain models f . W is the network weight, hidden layer
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function @ = @(X,C, o) is the Gaussian function, X is its

input, C is its central parameter, and O is its width
parameter.
Suppose the optimal approximation of the neural network in

the ideal case is r;N , and the approximation error is € , then:

f=r, +¢&
Lo (17)
Tw=W @

Where W . ¢ and g are their respective optimal

parameters, @ = @(X,C ,o ) .The controller of the slow

subsystem under the optimal approximation of the neural
network is designed as

r. =Ty +te+Ks (18)

The above is the controller design under ideal
conditions, but the neural network is difficult to obtain its
optimal approximation in practice. Let 7, be the actual

approximate output of the neural network to f ; at the same

time, in order to eliminate the influence of uncertainties, a
robust controller is designed, and the control law Eq.(18) is
modified as

T, =Ty +K,S+75 (19)
Tw =W o(X,c o) (20)
RBFNN has the following properties: [31]:
Assumption : In an ideal situation, the optimal weight and
network parameters W', ¢*, o and the approximation

error & are bounded, that is, |W [[<w,,, [|C |I<c,,

o' <oy llel< e, .

The optimal matrix =*and the estimation matrix = to
define the weight and hldden layer Gaussian parameters are:

w 0 0
=0 ¢ 0
0 0 o
['w
2=|0 ¢
10 0 o

According to assumption 1,||Z” |< E,, is established, Z,,
is a positive real number, and |W ||<ZE,,, [IC" K&, .
lo” IS Ey

Let the neural network approximation error of the system
uncertainty ~model f  be Az, .Defining

W=w —w,p=¢ —¢,Based on Eq. (17) and Eq. (20),
We can obtain:
ATy, :r:m +E—Tyy

=W'p —Wop+e
=W o+Wo+e (1)
Considering the generalization of neural network, when
the center C and width C o of hidden layer Gaussian
function @(X,C,o) are constant, its mapping relation is

fixed. In order to obtain the best mapping, this paper plans to
use Taylor linearization technology to design an adaptive
neural network with adjustable hidden layer parameters to
improve the control accuracy.

o, 0
Defining ﬁandﬂas
oc oo
o, 0p. o,
[ﬂ]T: 0O .-~ 0 99 99 0 --- 0
aoc — 601 ac, —
(j-1)xm ! im (N=-j)xm
o, o, oo,
[ﬂ]T: 0 -« 0 e T 0 --- 0
oo —— 0Jo;, oo, _
L (i-Dxm ! im (N=j)xm
@ is expanded by Taylor series :
p=H'¢+Q'6+0() (22)

C*_C ’ 520_*_0_ '
..%]

Where ¢=[@,,--,¢y] . G=
0 0 0
H :[ﬂ‘“ﬂ]c:g Q=[~
oc oc oo
higher order vector.
From Eq. (21) to Eq. (22):
Aty =W (H'C+QT6)+W o+ p
p=Weop+wo()+e
Since the output value of Gaussian function @ is not greater
than 1, then |lol<1 , S0
W @I -l plI<IWIIIE -
T
[s"Al <[ Mol =[s" [ @+ w'o() + ]

<[sl=]+ Istd o) + sl | (24)

The robust controller 7 is designed as:

e o(") is the

(23)

TR = 7/—||W|| (25)

Where 7 is a normal number and y >|jo(-)||.

The adaptive learning law of network weights and
parameters is:

V= AK [|s]|w—Kgps (26)
c=1K,||s]lc—K,Hws 27)
G=2K, | s]lo—-K,Qws (28)

Where K;, K, and c K; are normal diagonal matrices; A is
the normal number.
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IV. STABILITY ANALYSES OF CONTROL SYSTEM
Theorem: For the dynamic model of space robot Eq. (9),

adopted the controller Eq. (19), neural network controller Eq.

(20), robust controller Eq. (25) and adaptive learning rates
Eq. (26)~Eq. (28), it can ensure that the control system is
uniformly ultimately bounded (UUB).

v_; STMs + = (W K11W)+%tr(cTK;6)

+%tr(&T K;&) (29)

Differentiating both sides:

V =s"M$+=5"Ms+tr(W'K, W) +tr(€"K, ¢)
2
+Hr(6'K, &) (30)
In combination with Eq. (13) and Eq. (16), the following
equation can be obtained:
Ms=f —-7,—Cs (31)
By substituting Eq. (17), Eq. (18) and Eq. (21) into the above
equation, the closed-loop system error equation can be
obtained as:

MS=Ar,, —K,;s—7;—-Cs (32)
Substituting the above equation into Eq. (30) to get:
. 1 .
V =s"(Ary, —K,s—1, —Cs) +ESTMS
Hr (WK, W) +tr (€K, €) +tr(6TK, 6) (33)

Substituting Eq. (23) and Eq. (26) ~ Eq. (28) into the above
equation:

V=-s5Ks+sW(HE+Q'6)+s"Wp+s'p
(Allsllw—gsh)]

+r[6" (1| s||c—Hws)]

+r[&" (1] s]lo—Qws)] (34)

*

Substituting equation = =="—= and Eq. (24) into the
above formula

V<-s"Ks+A|s|tr[Z"

—sTz, +tr[W'

= —8)]+ ||s||H§H
+[s[[wllloO] + Isllllew | -5z (35)
g —é)] <|E

—_
(=)

Because tr[éT

+IISIIIIWIIIIO(-)II +IISIIIIEM [=7lwils|

<= IISIK,m IS +AA1 2]l —2)* = B (36)
Where K is the

vmin

minimum singular value of

v 1
K 6‘(—7 7,8 €M+ﬂa

When

g - J;
Kvmin = \/; (37)

V <0
Therefore, \/ is negative outside the closed set .According to

the extended Lyapunov theory, all signals S and = of the
subsystem are uniformly ultimately bounded (UUB).

Then

V. SIMULATION EXAMPLES AND ANALYSIS

The simulation experiment of the free floating space
robot arm of the flexible joint in fig.1,The length of the

mechanical arm B, along the X; shaft is 4.5m, O, O,
distance 0.5m, O,and Og, are 2m, the distance of O, and

Og,p is2.5m.
The mass of the branch and the inertia of the rotation are:
m,=100kg , m =m,=15kg , J,=20kg-m’ ,

J,=J,=25kg-m’.

The expected trajectory is:

0,y =0.57{0.1t —0.5sin(0.27t) / ]

0,, =0.57[1-0.1t +0.5sin(0.27t) / 7]

Controller gain and parameter: K =diag(200, 200) .
J, =diag(0.5,0.5) K, = diag(25, 25)
A1=03,y=45; A=diag(55).

q(0)=6(0)=[0.2 ZI..4]T

The initial weight of neural network is 0. The width and

the center parameters are randomly selected in the input
output domain, and the hidden layer nodes are 35.

Initial state:

a) When T is turned on

In order to verify the effectiveness of the designed
control system, the control system is experimentally studied

when the controller of the rapid change subsystem T is

turned on. The experimental simulation results are shown in
Fig.3- Fig.4. Fig.3 shows the situation that the joint angle
position tracks the desired trajectory, and Fig.4 shows the
situation that the motor rotor angle position tracks the joint
angle position.
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T desired trajectory

—actual trajectory

0.8

g/rad

06

0.4

0.2

desired trajectory |

—actual trajectory

flrad

t/s
Fig.4. Motor rotor angle trajectory tracking (7 ; is turned on)

It can be seen from Fig.3 that even in the case of large
initial error, the actual trajectory of joint angle can achieve
rapid response, and the actual trajectory of joint angle can
accurately track the desired trajectory in about 0.5s, and its
overshoot is small. This shows that the designed controller is
effective, which can ensure the actual trajectory to track the
desired trajectory accurately and quickly. It can be seen from
Fig.4 that even in the case of large initial error, the motor
rotor angle can accurately track the joint angle in about 2s,
and its overshoot is small. This shows that the designed
VDFC can respond quickly and suppress the vibration
caused by joint flexibility.

b) When T is turned off

When the controller 7 of the rapid change subsystem

is turned off, that is, when the vibration suppression
controller 7 is not started, verify the ability of the robust

controller based on neural network to suppress external
interference and the high-precision control effect, and carry
out experimental research on the control system. The
experimental results are shown in Fig.5-Fig.6. Fig.5 shows
the situation that the joint angle position tracks the desired

trajectory, and Fig.6 shows the situation that the motor rotor
angle position tracks the joint angle position.

— — desired trajectory
—actual trajectory

—— desired trajectory

—actual trajectory

ts

Fig.6. Angular trajectory of the joint( 7 ; is turned off)

It can be seen from Fig.5 that even when T is closed,

the actual trajectory of the joint angle accurately tracks the
desired trajectory in about 6s, and the overshoot is large in
the initial stage. This shows that the designed controller is

effective. Even if the vibration suppression controller 7, of

the fast subsystem is turned off, the actual trajectory can still
track the desired trajectory accurately. However, compared
with Fig.3, it can be seen that the tracking time is
significantly longer and the overshoot is larger, which shows

that the controller T is effective for suppressing elastic

vibration. It can be seen from Fig.6 that the motor rotor angle
cannot accurately track the joint angle when it is closed. This
shows that the designed VDFC is effective in reducing the
angular error caused by elastic vibration.

VI. CONCLUSIONS

In order to improve the control accuracy of space robot
with flexible joints, an adaptive robust control method based
on neural network is proposed. At the same time,
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considering the uncertain factors such as model inaccuracy
and joint flexibility, the dynamic model of space robot is
established. Based on singular perturbation theory, it is
decomposed into fast and slow subsystem models for control
respectively. Using Taylor linearization method, RBFNN
controller is designed to approximate the unknown nonlinear
model, and the online real-time adjustment of base width,
center and weight in neural network is realized. A robust
controller is designed to compensate the approximation error
and suppress the external interference, which improves the
control accuracy and robustness. A controller based on
linear velocity feedback is designed to suppress the elastic
vibration of flexible joints. Experimental results show the
effectiveness of the proposed scheme.
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