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Abstract—Hydraulic system is widely used in industry where 
large actuation forces are needed such as electro-hydraulic 
positioning system, active suspension control, and so on. One of 
the main problem in hydraulic system is the nontriviality, for 
instance, the deadbands in valve operation, frictions of links, 
saturations, pressure dynamics, etc. both system unknown 
nonlinearities and external disturbances should be considered in 
controller design. For underwater hydraulic manipulator, 
because of the environment of sea and the large nonlinearities of 
the hydraulic manipulator system, both system unknown 
nonlinearities and external disturbances should be considered in 
controller design. A lot of control methods have been proposed to 
solve the problem properly, such as sliding mode control, 
adaptive control, fuzzy adaptive control, adaptive robust control, 
ect. However, due to limited knowledge about hydraulic 
manipulator system, it is hard to precisely estimate the 
nonlinearities for a possible higher performance. In this paper, a 
neural network adaptive robust control method is proposed to 
help control an underwater hydraulic manipulator. In order to 
achieve better performance using adaptive robust control 
strategy, unknown nonlinearities in the system are approximated 
by the outputs of radial basis function neural network 
(RBFNNs). A projection law has been used to bound the NN 
weights when they are tuning on-line to avoid possible adaptive 
divergence, and the tracking transient performance is guaranteed 
by robust control law. Simulation results illustrate that 
manipulator has a good tracking performance. 

Keywords—component; formatting; style; styling; insert (key 
words) 

I.  INTRODUCTION (Heading 1) 
Hydraulic system has been widely used in industry which 

large actuation force are needed such as hydraulic suspension 
system, hydraulic crane, hydraulic wrench and so on. For 
work-class deep-sea ROV, the hydraulic manipulator is the 
key component ensuring the task would be accomplished. 

There have been a lot of control methods proposed for robot 
manipulators which are often driven by motors. For example, 
sliding mode control was applied in [1], and adaptive control 
was used in [2]. The adaptive robust control [3] which was 
proposed by Yao and Tomizuka combined the adaptive 
control and robust control. These are all effective control 
methods to help design controllers for manipulator. However, 
for underwater hydraulic manipulator, the environment of 
deep-sea is quite complex with large external disturbances, 
hydraulic manipulator itself is much more complicate than 
electric motor driven robot manipulators because of the strong 
nonlinearities and system parameter uncertainties. What’s 
more, some of the system state may not be able to obtain, 
because there would be hard for deep sea manipulators to 
mount a lot of sensors. So most model-based algorithms which 
are listed above would be more difficult to design a high 
performance controller for such a system. To deal with these 
problems, [4,5] proposed model-free neural network(NN) 
control algorithm.  

Neural network is one of the most widely used intelligent 
computation approaches since it has the virtue of inherent 
learning and the ability to approximate of nonlinear functions. 
Especially the on-line learning ability of adaptive neural 
network algorithm makes NN a popular method in adaptive 
control. Gong and Yao first generally build a frame of neural 
network based adaptive robust control [7]. The form allows 
unknown nonlinearities existing in both system model and the 
virtual input channel of each intermediate step of backstepping 
procedure, and the unknown nonlinearities could include 
nonrepeatable nonlinearities such as external disturbances as 
well. Radial basis function neural network (RBFNN) is a 
special multilayer neural network. Because of the Gaussian 
function as its excitation function, it has a lot of virtue such as 

 
 
978-0-933957-43-5 ©2015 MTS

This is a DRAFT. As such it may not be cited in other works. 
The citable Proceedings of the Conference will be published in 

IEEE Xplore shortly after the conclusion of the conference.



it has a very fast rate of convergence, less c
no problem of local minimum. 

In this paper, we mainly focus on th
elbow joint of underwater hydraulic manipu
robust controller is designed followin
procedure. And with RBF neural network is 
free RBFNN adaptive law with projection b
RBFNN is adapted to approximate the 
external disturbance of the system. Lackin
angular velocity, a high gain observer is u
angular velocity of the joint to realize the o
the system.  

This paper is organized as follows. 
structure of RBF neural network is brief
section 3, the model of valve controlled 
built. In section 4, the adaptive robust co
adaptive law is proposed. Finally the simula
and conclusion is shown in section 5&6. 

II. STRUCTURE OF RBF NEURAL 

RBF neural network often has a thre
which includes input layer, hidden layer and
main difference between RBF and multilay
is that RBF use radial basis function which is
function as activation function from input
layer, that is  ߮௝ሺݎሻ ൌ ݌ݔ݁ ቆെ ฮ௫ି௥ೕฮమଶఙೕమ ቇ , ߪ ൐

Where r୨ is the center of jth neuron, and
the jth neuron. 

And the output of the RBF neural net
weighting function ݕ ൌ ்ܹ߮ ൌ ∑ ௝߱௜߮௝௄௝ୀଵ  , ݅ ൌ 1, ڮ

where ω is the output weight from hidd
layer, n is the number of neuron nodes. 

 

III. THE DYNAMIC MODEL OF THE ELBOW
MANIPULATOR 
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ation of the system 

NETWORK 
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൐ 0  (1) 
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Fig1. Valve controlled swing cylinder 

 
The dynamics of the inertܫሺߠሻߠሷ ൅ ܾ൫ߠ, ሶ൯߬ߠ ൌ ்ܭ
where ߠ        the angular oܫሺߠሻ     the inertia of ܾ൫ߠ, combined co      ்ܭሶ൯   viscous coeff߬        the torque ap߬ௗ       external distuߠ

the torque which is determined
swing cylinder ܣ       the ram area ௅ܲ        the load pre
pressure value of two chambers

 
The hydraulic flow dyna

described as follow 
    ௏೟ସఉ೐ ௅ܲሶ ൌ െܭܣ

where ௧ܸ        total control vߚ௘        effective bulkܭఏ        the coefficie
displacement of swing cylinderܥ௠       the leakage 
small value and usually to be c
swing cylinder ܳ௅        flow rate thro

 ܳ௅  is the function of displ
modeled by 

    ܳ௅ ൌ ௩ඥܲݔ௤ܭ
where ܭ௤        the flow gainݔ௩       the displacem௦ܲ       the system pr
 

 
(elbow of hydraulic manipulator) 

tia of load can be written as  ൯ߠሶ ൌ ߬ ൅ ߬ௗ;  (3) ்ܣ ௅ܲ   (4) 
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Valve dynamics is often relatively faster than the system. 
So ignoring it, we can use the displacement of the valve x୴ as 
input u. ݔ௩ ൌ  (7)    ݑ௩ܭ

 

IV. CONTROLLER DESIGN 
The controller design will apply the backstepping 

procedure based on Lyapunov functions. According to the [6], 
as we could directly acquire the expression between the input 
and the flow rate 

  ܳ௅ ൌ ඥݑ௩ܭ௤ܭ ௦ܲ െ ሺܳ௅ሻ݊݃ݏ ௅ܲ   (8) 
We could assume the flow rate as the system input. 

Define the state variables as ݔ ൌ ሾݔଵ, ,ଶݔ ଷሿݔ ؜ ,ߠൣ ሶߠ , ௅ܲ൧， 
And rewrite the equations in the state space form as follow 

۔ۖەۖ
ۓ ଵሶݔ ൌ ଶሶݔଶݔ ൌ ௄೅஺ூሺఏሻ ଷݔ െ ௕൫ఏ,ఏሶ ൯ூሺఏሻ ଶݔ ൅ ఛ೏ூሺఏሻݔଷሶ ൌ ସఉ೐௏೟ ሾെܭܣఏݔଶ െ ଷݔ௠ܥ ൅ ܳ௅ሿ  (9) 

The above system can be considered as a semi-strict 
feedback form as [7], that is: 

 ቐ ଵሶݔ ൌ ଶሶݔଶݔ ൌ ܾଶሺݔଵሻݔଷ ൅ ଶ݂ሺݔଵ, ଶሻݔ ൅ ଷሶݔଶ߂ ൌ ଷ݂ሺݔଵ, ,ଶݔ ଷሻݔ ൅ ܾଷሺݔଵሻݑ    (10) 

Where ܾଶሺݔଵሻ ൌ ௄೅஺ூሺఏሻ, ଶ݂ሺݔଵ, ଶሻݔ ൌ െ ௕൫ఏ,ఏሶ ൯ூሺఏሻ ଶ߂  ,ଶݔ ൌ ఛ೏ூሺఏሻ,  ଷ݂ሺݔଵ, ,ଶݔ ଷሻݔ ൌ െ ସఉ೐௏೟ ሾܭܣఏݔଶ ൅ ଷሿݔ௠ܥ ,  ܾଷሺݔଵሻ ൌ ସఉ೐௏೟ ,in 

which we assume that ௄೅஺ூሺఏሻ as a constant that only affected by 

the angular displacement ݔଵ, also we consider ସఉ೐௏೟  was mainly 
affected by the state of ݔଵ. 

 

A. Observer design 
Since state ݔଶ, that is the velocity of the angular could 

not be measured, to apply the RBF neural network to help 
controller design, an observer should be designed to develop 
an output feedback control. According to [10], because the 
form of ܾଶሺݔଵሻ  and ଶ݂ሺݔଵ, ଶሻݔ  are unknown functions, the 
design method of a nonlinear Luenberger-type observer can’t 
be used. In [11] a high-gain observer is applied here. 

Suppose the basic system which is considered has the 
following form ݔሺ௡ሻ ൌ ݂ሺݔሻ ൅ ܾሺݔሻݑሺݐሻ ൅ ∆   (11) 

The above system should satisfy three assumptions as 
mentioned in [7]. Suppose there exist a following linear 
system 

۔ە 
ۓ εξሶଵ ൌ ξଶڭεξሶ୬ିଵ ൌ ξ୬ξ୬ ൌ െbଵξ୬ െ ڮ െ b୬ିଵξଶ െ bଵ ൅ y  (12) 

where y has its first nth derivatives which are bounded, ε 
is a small positive constant, and bଵ, ڮ , b୬ିଵ  should satisfies 
the condition of that s୬ ൅ bଵs୬ିଵ ൅ ڮ ൅ b୬ିଵs ൅ 1  is 

Hurwits. Then, there must be positive constant D୩ , where k ൌ 2, ڮ , n ቊεψሺ୩ାଵሻ ൌ yሺ୩ሻ െ ξ୩ାଵ/ ε୩εD୩ାଵ ൒ หyሺ୩ሻ െ ξ୩ାଵ/ ε୩ห   (13) 

where ߰ ൌ ௡ߦ ൅ ܾଵߦ௡ିଵ ൅ ڮ ൅ ܾ௡ିଵߦଵ , ●ሺ௞ሻ  is 
represented the kth derivative. 

Define a concise tracking error metric as [7,8] sሺtሻ ൌ ቀ ୢୢ୲ ൅ λቁ୬ିଵ x෤ሺtሻ   (14) 
where x෤ሺtሻ ൌ xሺtሻ െ xୢሺtሻ, λ is a positive constant, and 

the equation could also be rewritten as sሺtሻ ൌ λTx෤ሺtሻ . So sሺtሻ ൌ 0 defines a hyperplane in the ࣬୬ state space, x෤ሺtሻ will 
finally exponentially converges to zero. And we also have the 

state estimation xො ൌ ቂx, ஞమக , ڮ , ஞ౤க౤షభቃT
. Proof referred to the 

Lemma of 6.2 of [13]. 

B. Backstepping procedure 
First we consider the following subsystem, treat the state ݔଷ as virtual input ߙଶ, ݔଵ is the state that we can measure, and ݔଶ is the state that we need observer to obtain. Thus we can 

solve the subsystem as the first step of backstepping 
procedure. By using the NNARC proposed as [10], we can 
define the following variables 

(subsystem)൜ ଵሶݔ ൌ ଶሶݔଶݔ ൌ ܾଶሺݔଵሻݔଷ ൅ ଶ݂ሺݔଵ, ଶሻݔ ൅ ොݔ ଶ   (15)߂ ൌ ቂݔଵ, కమఌ ቃ்
ߞ (16)     ൌ ොݔ െ ߰ ௗ     (17)ݔ ൌ ൣ0，߰ሺଶሻ൧்

ݏ̂ (18)      ൌ ߞ்ߣ ൌ ݏ െ  (19)       ்߰ߣߝ
And we propose the following virtual input αଶ and error 

equations. αଶ ൌ αଶୟ ൅ αଶୱ       (20) αଶୟ ൌ െ ଵୠ෡మ ൫fመଶ ൅ aො୰൯         (21) 

where  ܽ௥ ൌ ሶଵݖߣ െ ,ሷௗݔ ොܽ௥ ൌ ܽ௥ െ ߝ  ሷ߰ , αଶୟ is a term that 
use RBF neural network to compensate the system, αଶୱwill be 
considered later. sොሶ ൌ ൣfଶሺxሻ െ W୤ଶTφ୤ଶ ൅ d୤ଶ൧ െ W෩ ୤ଶTφ୤ଶሺxොሻ ൅ൣbଶሺxሻ െ WୠଶTφୠଶ ൅ dୠଶ൧ െ W෩ ୠଶTφୠଶሺxොሻαଶୟ ൅ bଶሺxොሻαଶୱ ൅bଶሺxොሻzଷ ൅ εሺψሷ െ ψሸሻ ൅ Δଶ                         (22) 

The adaptation laws can be derived ߬௙ଶሺଵሻ ൌ ௙ଶ   (23) ߬௕ଶሺଵሻ߮ݏ̂ ൌ  ଶ௔  (24)ߙ௕ଶ߮ݏ̂
Here we consider the αଶୱ term. We usually considered it 

consists of two parts ߙଶ௦ ൌ ଶ௦ଵߙ ൅  ଶ௦ଵis a term of stateߙ .ଶ௦ଶߙ
feedback ଶ௦ଵߙ  ൌ െ ௞మೞభ௕మ೗భ ݏ̂ . While ߙଶ௦ଶ  is a robust term 
satisfying the conditions as [9,10] proposed. ൜̂ݏሾ ଶ݂ሺݔሻ ൅ ܽ௥ሺݐሻሿ ൅ ܾଶሺݔሻߙଶ௔ ൅ ܾଶሺݔሻ ߙଶ௦ଶ ൅ ߂ ൑ ߳௦଴̂ߙ ݏଶ௦ଶ ൑ 0    (25) 

where  ߳௦଴ ൌ ߳௦௦ ൅ ሺఌఒሺటሷ ିటሸ ሻ஽ ሻଶ߳଺      (26) 



߳௦௦ ൌቚ1 ൅ |ԡ஡౜మԡమିԡ஡ෝ౜మԡమ|ԡ஡ෝ౜మԡమ ቚଶ Ԗଵ ൅ ቚ1 ൅ |ԡ஡ౘమԡమିԡ஡ෝౘమԡమ|ԡ஡ෝౘమԡమ ቚଶ Ԗଶ ൅ d୤ଶԖଷ ൅݀௕ଶ߳ସ ൅ ߳ହԡ݀ԡஶଶ          (27) 
In which ߳௜, ݅ ൌ 1, ڮ ,6 and D are positive constant, and ߩ● represent the bound of ●. 
The method of choosing αଶୱଶ is introduced in [10]. It is 

showed as below αଶୱଶ ൌ െkଶୱଶsො      (28) 
Where kୱଶis a large enough nonlinear gain satisfying the 

conditions  kୱଶ ൒ ∑ ୦౟మସ஫౟଺୧ୀଵ       (29) 

with ݄ଵ ൒ ൬ ଵඥ௕మ೗భ൰ ฮ߮௙ଶሺݔොሻฮଶ ቀฮݓෝ௙ଶฮଶ ൅ ฮߩො௙ଶฮଶቁ ,  ݄ଶ ൒൬ ଵඥ௕మ೗భ൰ ԡ߮௕ଶሺݔොሻԡଶሺԡݓෝ௕ଶԡଶ ൅ ԡߩො௕ଶԡଶሻ|ߙଶ௔|  ,  ݄ଷ ൒ሺ1/ඥܾଶ௟ଵሻߜ௙ଶ , ݄ସ ൒ ሺ1/ඥܾଶ௟ଵሻߜ௕ଶ|ߙଶ௔|, ݄ହ ൒ ሺ1/ඥܾଶ௟ଵሻߜ௦௬௦ ,  ݄଺ ൒ ሺ1/ඥܾଶ௟ଵሻܦ . Since ߮ሺݔොሻ  is Gaussian Function, both ฮ߮௙ଶሺݔොሻฮଶ  and ԡ߮௕ଶሺݔොሻԡଶ  satisfy ԡ߮ሺݔොሻԡଶ ൑ 1 . Thus we 
choose ݄ଵ  as ݄ଵ ൌ ො௙ଶฮଶߩଵฮݎ√2 , with ݎଵ  is the number of 
neurons in adaptation of ଶ݂, and also we can choose ݄ଶ as the 
same way. 

Afterwards, we continue to design the controller as 
backstepping procedure. We aim to make state ݔଷ  track the 
virtual input ߙଶ. So define a tracking error ݖଷ ൌ ଷݔ െ  ଶ, fromߙ
the third equation of the system(10)  ݖሶଷ ൌ ሶଶߙ ൅ ଷ݂ሺݔଶ, ଷሻݔ ൅ ܾଷሺݔଵሻ(30)     ݑ 

From [7], we could get tuning function for this 
subsystem and the input u  as the same way we have done 
above.  ݑ ൌ ଷߙ ൌ ଷ௔ߙ ൅ ଷ௦ߙ ൌ ଵ௕෠య ቂെ መ݂ଷ ൅ డఈమడ௫ොమ መ݂ଶ ൅ డఈమడ௫భ ଶݔ ൅డఈమడ௫ොమ ෠ܾଶݔଷ ൅ డఈమడ௧ െ ෠ܾଶሺݔොଶ െ ሶௗሻቃݔ െ ሺ݇ଷ௦ଵ ൅ ݇ଷ௦ଶሻݖଷ       (31) τ୤ଷሺଶሻ ൌ zଷφ୤ଷ     (32) τ୤ଶሺଶሻ ൌ τ୤ଶሺଵሻ െ ப஑మப୶మ zଷφ୤ଶ        (33) τୠଷሺଶሻ ൌ zଷφୠଷαଷୟ      (34) τୠଶሺଶሻ ൌ τୠଶሺଵሻ െ ப஑మப୶ොమ zଷsොφୠଶ ൅ zଷsොφୠଶ     (35) 

Thus the weighting adaptation law should be  wෝሶ ୤ଷ ൌ Proj୵ෝ ౜యሺΓ୤ଷzଷφ୤ଷሻ   (36) wෝሶ ୠଷ ൌ Proj୵ෝ ౘయሺΓୠଷzଷφୠଷαଷୟሻ   (37) wෝሶ ୤ଶ ൌ Proj୵ෝ ౜మሺΓ୤ଶሺτ୤ଶሺଵሻ െ ப஑మப୶ොమ zଷφ୤ଶሻሻ     (38) wෝሶ ୠଶ ൌ Proj୵ෝ ౘమሺΓୠଶሺτୠଶሺଵሻ െ ∂αଶ∂xොଶ xଷsොφୠଶ ൅ zଷsොφୠଶሻሻ 

  (39)  
Where ሺ●ሻ݆݋ݎ݌   is the bounded projection of ●  which 

means  proj஘෡ሺ●ሻ ൌ ቐ 0    if θ෠ ൒ θ୫ୟ୶ and ● ൐ 00    if θ෠ ൑ θ୫ୟ୶ and ● ൏ 0
●    else                                      (40) 

V. SIMULATION AND RESULTS 
To test the proposed neural network adaptive robust 

control for the swing joint, we build up a simulation in 
Matlab/Simulink for the swing cylinder. The parameters in the 
simulation are as follows. Ps ൌ 10Mpa, I ൌ 0.022kg · mଶ, A ൌ 0.00481mଶ, βୣ ൌ 7 ൈ 10଼N/mଶ , V୲ ൌ 7.104 ൈ 10ି଺mଷ, K୲ ൌ 0.0078m, K஘ ൌ 0.01042m/rad, b ൌ 20N · m · s/rad 

Before we start to build up the simulation system, we 
should scale the parameters. Define the coefficient  ܵܿ ൌ 5 ൈ10଺ so that Pݏ ൌ ܵܿ ൈ  ଷ, and rebuildݔ തതത as the stateݏܲ തതത. Useݏܲ
the system, than the state are all in the domain of [-2,2]. The 
other coefficients are chosen as follows, ߣ ൌ 100, ݇2 ൌ30, ݇3 ൌ 5, ଵ߁ ൌ ଶ߁ ൌ ଷ߁ ൌ ସ߁ ൌ 100. 

From (8), we get an expression of input voltage u with 
respect to flow rate QL, that is ݑ ൌ ሺܭ௤ܭ௩ඥ ௦ܲ െ ሺܳ௅ሻ݊݃ݏ ௅ܲሻିଵܳ௅  

Restricted by physical condition of input voltage, the 
input ݑ is confined within the range of [-1.5v,1.5v] 

 

 

Fig 2. The position tracking of the swing cylinder and the control input Uv 

 



 
Fig 3. The estimation of functions f2, b2, f3, b3 with sinusoidal input  

As it is shown in Fig 2, we can see the angular position 
tracking is perfect, and the control input have no large 
overshoot and chartering even there is a added torque ߬ௗ ൌ30 ൅ 10 ൈ ሺగଶ ݊݅ݏ ሻݐ  as external disturbance input. Fig 3 
illustrates the result of estimation of functions in the system. 
The result shows that the RBFNN adaptive law affected the 
functions to estimate the target function. And the estimated 
value can be unable to converge to the real value happen if the 
system doesn’t satisfy the persistent condition. However, what 
we care much more about, the stability and asymptotical 
tracking have been obtained quite well. 
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