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Abstract. Experiments of active vibration control for flexible truss are studied,
with a Stewart platform manipulator (SPM) employed as an active device at the
bottom of the truss. A back-propagation neural network is designed to identity the
controlled object. And on the basis of the identification model, this work
constructs a neural network adaptive inverse controller (NNAIC). Then based on
the dSPACE real-time simulation system, the control test system for the truss is
built, on which the neural network adaptive inverse control experiments are carried
out. The vibration amplitude decreases more than 93.8% and 89.6% with the
structure continuously being excited at the first-order and second-order resonant
frequency respectively. The results indicate the effectiveness of the control
conducted by using SPM, and NNAIC has a good performance.

Keywords. Flexible space truss; Vibration control; NNAIC; Model identification.

1. Introduction

Vibration control for large flexible space truss structure is a challenging work in the
field of aerospace dynamics and control. Large flexible space structure is being widely
used in astronautic purpose since it has a lot of advantages as lightweight, reliable,
simple and adaptable for tasks etc[1].

Large flexible space truss structure is easy to be excited low-frequency, nonlinear
and huge amplitude vibrations, because of its large flexibility and low damping.
However, it is difficult to attenuate when vibrations inevitably aroused by external and
internal disturbances in space. Furthermore, the vibrations are highly coupled with the
attitude motion of the spacecraft, bringing serious impact on normal operation of
spacecraft payloads. Therefore, it is necessary to carry out active vibration control to
solve this problem.

Large flexible space truss is normally designed to be extensible, which is folded in
launch phase and deploy in space, such as the expandable arms of solar wings, and the
stretchable structures of large antennas. If the active components are mounted in the
truss to suppress the vibrations, it wound have an affect on the normal deployment [2].
Hence, to place active components at the connection between spacecraft body and
flexible truss is an effective means. Kim[3] proposed the idea of ‘“‘source-based
vibration control”, settling a Stewart platform at the bottom of a slender structure to
suppress vibrations. Hanieh[4] mounted a Stewart platform at the bottom of a truss, and
used integral force feedback (IFF) controller to suppress the vibration of the truss.
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Li[5,6] used a Hexapod Active Manipulator to control the vibration of a two-link
Flexible Joint Manipulator, and large flexible truss.

In researches of large flexible structure vibration control, different control methods
were studied in literatures [7-11], whereas these methods are based on linear model.
Although these methods avoid the nonlinear problem and bring convenience to the
analysis and design of controller, they are not appropriate to the control problem of
spacecraft with large angular and rapid maneuvering. Therefore, it is very meaningful
to carry out the practical researches of active vibration control strategy suitable for
nonlinear space structures. Neural network has proved successful in identification and
control of dynamic systems [12-14].

Experiments of active vibration control for large flexible truss are researched in
this paper, with a SPM employed as an active device on the bottom of the truss. The
system composed of the rigid SPM and flexible truss is strong nonlinear and difficult to
establish the accurate model, which is a rigid-flexible coupling dynamic system. A
back-propagation neural network is designed to identity the controlled object. And on
the basis of the identified model, this work constructs a neural network adaptive
inverse controller (NNAIC). Then based on the dSPACE real-time simulation system,
the control system for the truss is built, on which the neural work adaptive inverse
control experiment is carried out. Results indicate the vibration amplitude decreases
more than 93.8% and 89.6% with the structure continuously being excited at the first-
order and second-order resonant frequency respectively.

2. “Source-based Vibration Control” Strategy

At present, the researches on vibration control for space flexible structures mainly
focus on intelligence truss structures, in which active components integrated. However,
this will definitely affect the normal stretching of the stretchable structures after
launched in orbit. This paper adopts a "source-based vibration control" strategy, using
an active SPM at the bottom of the flexible truss as its active control device, as shown
in figure 1.

The SPM connects with the truss through three nodes 4;, 4> and 43 at the bottom
of truss, as shown in figure 2. The SPM is a six dof parallel kinematic and dynamic
mechanism with advantages of big stiffness, high stability, strong bearing capacity,
small moving inertia and good dynamic performance. Therefore the SPM has wide
application prospects in aspects of vibration isolation and target tracking[15].
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Figure 1. Passive truss mounted on the active SPM Figure 2. Schematic of SPM-truss system
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3. Dynamics Identification of SPM-truss System by BP Neutral Network Adaptive
Identifier

3.1. The Structure and Principle of BP Neural Network

The BP neural network (BPNN) is a multilayer forward network with good
performance, suitable for approximation of multivariable nonlinear function. The
typical BP network generally includes input layer, hidden and output layer, as figure 3
shows. In order to ensure the output of whole network able to take any value, the
output layer of BPNN chooses pure linear function, and the output of BPNN equals the
weighted sum of outputs of hidden layer.

input hidden
layer layer

Figure 3. Structure of BP neutral network

Here x; is input, wy is the weight of input layer, w; is the weight of hidden layer, O;
is output of hidden layer. The output of whole network can be written as formula (1). In
this paper, the hidden layer chooses sigmoid function, so the output of the hidden layer

can be expressed as formula (2).
0., =>.w,0, (1)

O, =1/(1+ exp(_z w,x,)) )

The BPNN has two kinds of learning parameters that are w; and w;. And the update
of them is often adopted the BP algorithm proposed by Rumelhart, the correction of
network weights along the fastest negative gradient.

The learning process of BPNN is composed of two components that are positive
propagation and back propagation. In process of positive propagation, input signals are
disposed layer by layer from the input to output layer and the states of the neurons in
each layer only affect the states of neurons in next layer. If the output cannot achieve
the expect value, the back propagation would modify the weights of each layer by
using the error signal, to minimum the error signal.

3.2. BP Neutral Network Adaptive Identifier

This paper adopts a SPM to connect with the bottom of the flexible truss, composing a
rigid-flexible coupling system which shows strong nonlinear if the posture angles
increase to large values. And the dynamic characteristic of each actuator of SPM is
unknown, so the dynamic model of SPM-truss system is difficult to precisely build.
However, the dynamic behaviors are implied in the inputs and outputs of the object, so
we can get the dynamic model by system identification based on experiment.
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The traditional identification methods usually use the linear ARX model as
formula (3).

=@y tay,++ay, )+bu +bu,  ++bu, ) 3)

Here u={ukvup-1,uk-2, ** ", Uk} Y ={VkVk-1,Vk-2, ***Viem) are the input and the output at
now and past several moments. By using the least-square method, we can get an
identification model for formula (3). For the linear systems, this identification method
is very effective. However, if the object is of strong nonlinear, a big deviation will exist
between the actual model and the model identified by least-square method. The
dynamic model of a nonlinear system can be expressed as

Vi = 8Wicis Vo Vicn Uis Uy s Uy, 4)
Here g is a nonlinear function. Neutral network identification has an excellent
performance since the neutral network has the ability of approaching arbitrary
nonlinear function.
In order to obtain the dynamic model of SPM-truss system, the object researched
in this paper, a BPNN adaptive identifier is designed, as shown in figure 4.

Figure 4. BPNN adaptive identifier

In figure 4, u(k), P(u(k)), and p(k) are the input, output of actual object and output
of BPNN respectively. The inputs of BPNN include u(k), (k) and their several delays.
BPNN adaptive identifier uses the error e’(k)between P(u(k)) and (k) to adjust the

weights of BPNN. It can serve as an online identifier as well as an offline identifier,
just using the current input and output data. As in [16], the weights adjusting law can
be formula (5).

W0 =) =D +'e (0] (1= 0] b (Dl )
W (k) = w! (k=1)+17"¢! (k)0 (k) 2
[xllale" : "xnl] = [u(k)’u(k_l)’ : ,);(k—l),j/(k—Z), ' ] (6)

4. Neutral Network Adaptive Inverse Control

Adaptive Inverse Control (AIC)[17] is a very novel method in the field of control
system design. The basic idea is to use a signal from a controller to drive the controlled
object, and the transfer function of the controller is the inverse transfer function of the
controlled object[18]. AIC has the advantages of simple structure, high stability, strong
adaptive ability [19], of which mostly used is the X-filtering adaptive inverse control.
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In order to make it suitable for the nonlinear system, this paper design a neural network
adaptive inverse controller (NNAIC) based on neural network identification.

The NNAIC is mainly composed of the offline identification for the controlled
system and the online adaptive inverse modeling, as figure 5 shows. Firstly, the
referential signal » is submitted to a neutral network controller (NNC), of which the
internal structure is also a BP neural network as figure 3 shows. The output signal u. is
used as the input signal of the controlled object P2. Then, NNC utilizes the total error e,
which is the sum of the outputs of the disturbance channel P/ and the control object
channel P2, and the gradient information 0y/0u of P2 to online adaptively adjust the
weights of the controller, making the total error always tend to the minimum. The
gradient information 0y/0Ou can be obtained by the offline identification model.

Pl(r(k))

Disturbance channel P/

Val
Neutral netw6rk I_ 1 (k !l Control object
controllet/NNC channel P2 (k)

P
6}3/6u identified model )A/(k)

Figure S. Schematic of NNAIC

The total error e can be expressed as

e(k) = Pl(r(k)) - y(k) (7
y(k) = P2(u,(k)) (8)
Control target function is chosen
E(k) =%62(1€)=%[PW(/C))—1’2(%(/6))]2 ©)
The output of NNC is
u(k) =Y w,(k)O, (k) (10)
From formula (2) /
0,(k)=1/(1+exp(—)_w, (k)x,(k))) (1mn
[, 1= [r(k), r(k =1), -y u (k=1),u, (kK =2),--] (12)

The adjustment of weights is adopted BP algorithm and it can be calculated by
using formula (13).

Aw, (k)= OE(k) _  0P2(k)

ow; (k) ou(k)
OE(k) ne OP2(k)
ow; (k) ou(k)

This algorithm does not take account of the accumulated experience, only
considering the current gradient information, and the learning process often oscillates.

So adding a momentum to weights adjustment process, the weights adjusting law
becomes formula (15). Here  is a constant.

0,(k)(1 -0, (k))w, (k)x, (k) (13)

Aw, (k) = 0,(k) (14)
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{%(k)=%-(k—1)+AW,~,~ +a(w;(k=1)-w,(k-2)) (15)

w, (k) =w;(k=1)+Aw,+a(w;(k—=1)-w,(k-2))

In the above weights adjusting algorithm, the gradient information 0P2(k)/Ou(k) of
the control object is needed. Here use oftline neural network identification model P2
instead of P2. Here Wj]. R O; and WII ; is respectively the weight of hidden layer, the
output of hidden layer and the weight of input layer corresponds to the first input u(k)
in the identification model P2 .

oP2 _ 0P2
ou(k)  ou(k)

= W (k)O! (k)1 - O (k)yw! u(k) (16)

J

5. Experiments Study
5.1. Description of Experimental System

The vibration control experiment system is mainly composed of the flexible truss, the
SPM, Stewart control box, Elmo controller, accelerometer, exciter, charge amplifier
and dSPACE, as figure 6 shows.

The flexible truss is a tri-prism truss of 17 bays with 3 nodes in each layer. Each
node has a mass of 0.04kg besides the top three nodes placed with 3 additional large
mass of 2kg. The horizontal and vertical rods in each bay are 168mm long, with cross-
sectional diameter of 3mm. In order to reduce the natural frequency of truss, a diagonal
rod is removed in each bay, as shown in figure 7. The truss has a characteristic of low
and dense frequencies. The first two order frequencies are /;=0.91Hz and £;=3.48Hz of
which the modal shapes are as shown in figure 8(a) and figure 8(b). Two
accelerometers are mounted at the top two nodes of the truss, from which the signals
entry the control system after they are amplified by charge amplifiers.
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Figure 6. Experimental system Figure 7. One bay on the truss
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Figure 8(a). First-order modal of truss Figure 8(b). Second-order modal of truss

In this work, as shown in figure 9, the SPM are designed with rotation angular
ranges of the upper platform relative to the base platform is -10.3°~9.8" along axis X, -
10.0°~10.3° along axis Y, -11.6°~12.1° along axis Z. The translation ranges of the
upper platform are -36.8~39.0mm along axis X, -33.6 ~33.8mm along axis Y, -38.4~
35.3mm along axis Z.

The exciter developed by author’s laboratory is a linear motor actuator, with stroke
grater than £25mm, load capacity greater than 200N and rapid response.

5.2. Dynamic Offline Identification Results

The dynamic model of the control object is needed in NNAIC, so before the vibration
control experiments, experiments for dynamic identification are accomplished. The 1st-
order and 2nd-order modes of truss are torsion and bending respectively. To identify
the dynamic performance of the object, this work uses the corresponding signals of
SPM as the input signals of the BPNN adaptive identifier, and the measuring signals of
accelerometer 1 and 2 after two integrals as the output signals of BPNN adaptive
identifier respectively.
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Figure 10. Indentified output with the 1st-order Figure 11. Indentified output with the 2nd-order
modal frequency modal frequency

The topological structure of the identifier is a BP neutral network of three layers,
with 10 nodes of input layer and 10 nodes of hidden layer. Adopting a sinusoidal input
as u(k)=0.4sin(0.91*2x*h*k) (h=0.001 is the sampling step size), the output of the
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identification model and the experimental output are as shown in figure 10 for the 1st-
order mode. Adopting another sinusoidal input as u(k)=0.5sin(3.48*2x*h*k), the output
of the identification model and the experimental output are as shown in figure 11 for
the 2nd-order mode. Except in the initial short time, two signals are almost overlapped,
which demonstrates the great performance of the BPNN adaptive identifier.

5.3. Vibration Control Experiment Results

This paper mainly adopted the neural network adaptive inverse controller (NNAIC) to
suppress the vibrations of the first two modes of the truss excited by an exciter. Before
the NNAIC works, the nature mode is aroused by the persistent sine disturbances
generated by the exciter which connected with a node of the truss through a rigid pole.
The topological structure of NNC is also a BP neutral network of three layers, with 10
nodes of input layer and 10 nodes of hidden layer. The sampling frequency of NNAIC
is 1kHz. In the experiments, the controller starts work at 10th second after the truss was
excited. Figure 12 shows the result of the 1st-order resonance control experiment. The
amplitude at the node where accelerometer 1 installed is 50mm without control, and
then declines 93.8% to less than 3.1mm with control. Figure 13 shows the result of the
2nd-order resonance control experiment. The amplitude at the node where
accelerometer 2 installed is 22mm without control, and then declines 89.6% to less than
2.3mm with control. Figure 14 shows the length change of each actuator of SPM in the
Ist-order resonance control experiment. Figure 15 shows the length change of each
actuator of SPM in the 2nd-order resonance control experiment.
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Figure 16. lst-order resonance simulation using Figure 17. 2nd-order resonance simulation using
NNAIC NNAIC

Figure 16 and figure 17 show the simulation results of the 1st-order and 2nd-order
resonance control simulation using the identification model respectively. There is a
certain deviation between the results of simulation and experiment, due to the deviation
between the offline identification model and the actual object, the error of experimental
equipment, as well as inevitable environment noise etc. In conclusion, the neural
network adaptive inverse controller designed in this paper is very effective to the
vibration control for the large flexible truss structure.

6. Conclusions

e  Through experiments, it is shown that the vibration of the large flexible truss
can be effectively controlled by using Stewart platform manipulator (SPM)
and the “source-based vibration control” strategy is practicable.

e A neutral network adaptive inverse controller is designed and applied to
suppress the persistent vibrations of the truss aroused by an exciter. The
vibration amplitude decreases more than 93.8% and 89.6% with the structure
continuously being excited at the 1st-order and 2nd-order resonant frequency
respectively.
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