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Abstract
In this paper, a disturbance observer-based adaptive neural backstepping inte-
gral sliding mode control (BISMC) is developed for a flexible joint robot (FJR)
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with the integration of an adjustable stiffness rotary actuator (ASRA). This
system suffers from unknown system dynamics, external disturbance, and the

Correspondence influence of variable stiffness, which is a challenge for achieving precision track-
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ing performance. Considering the lumped disturbances in FJR generated by the
hydraulic system and the stiffness modulation of the ASRA, we investigate the
structural dynamics nonlinear model of the FJR system, including hydraulic

L. . actuator dynamics. While other linear control strategies are applied for the FJR,
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the proposed controller uses BISMC, neural networks (NN), and nonlinear dis-
turbance observers to deal with the disadvantages mentioned above. Radial
basis function neural networks (RBFNN) are designed to tackle unknown non-
linear functions, and the disturbance observers are introduced to compensate
for the influence of the variable stiffness, disturbance, and the approximation
error caused by NN. Simulations and experiments are independently imple-
mented to demonstrate the effectiveness and feasibility of the proposed con-
troller. Results exhibit that the integral absolute error-index is reduced by 20.4%
when the proposed method is deployed for the experiment with a multistep
trajectory.
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1 | INTRODUCTION

In the evolution of robot, the soft robotic brings many promising breakthroughs such as collision safety, high accuracy,
energy optimization, and flexibility.!* The appearance of a compliance actuator helps to deal with the drawback of the
conventional rigid joint. To be more specific, the stiffness features of the VSA (variable stiffness actuator) approach can
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be regulated flexibly such that the FIR can adapt to the particular tasks. The injury level will be mitigated during robot
manipulators interacting with humans in case of low stiffness. Meanwhile, the case of high stiffness is utilized to guar-
antee precision tracking control with low-velocity tasks. Several illustrations for VSA-based manipulator 1-degrees of
freedom (DOF) are introduced like Compact-VSA, ASRA, serial VSA (SVSA), and so on in References 5-7. whereby the
VSA uses two different motors to separately manipulate the stiffness and position. Besides, the hydraulic actuator also
is designed for VSA due to its high power-to-weight ratio and a large force/torque generation.®® However, in the litera-
ture survey on tracking control for VSA, actuator dynamics has been neglected to facilitate the design control process,
leading to performance degradation as well as the system stability. An additional difficulty emerges due to the fact that
hydraulic actuator suffers from heavy modeling uncertainties and highly nonlinear features, for instance, friction, com-
plicated leakage properties, parameters variation and so on.!®!! This is the reason why the actuator dynamics should
be taken into account by the control design procedure. Many published studies developed different control strategies
for practical tracking control of robotic systems with variable stiffness joints, that is, backstepping controller,'? gain
scheduling control,! feedback linearization (FBL) control,'* prescribed performance control (PPC),!5 etc. Nonetheless,
these approaches rely on linear modes of plants and do not cover the actuator dynamics as well as unknown nonlin-
ear dynamic uncertainties. Thus, the output tracking problem of VSA, including hydraulic actuator dynamics brings
more challenges, especially, in the simultaneous occurrence of the nonlinear uncertainty, matched, and mismatched
disturbance.'®

In order to cope with nonlinear features and unknown system dynamics, several approaches have been investigated
in recent decades in which a neural network (NN) is an effective approach to approximate the unknown nonlinear
function because of the self-learning capability.'’2* The NNs require little relative information about the dynamics of
the system. In References 17,18, an adaptive neural network controller is developed to resolve problems of unknown
dynamics for robotic systems with variable stiffness joints. Besides, a NN controller is also constructed to ameliorate
the robustness and suppress the vibration of a flexible robotic manipulator system in spite of input dead-zone and the
unknown dynamics.?’ The other notable studies are investigated to handle the unknown dynamic system, such as a
neural network-based feedback linearization technique for SVSA,*' a neural network-based adaptive sliding mode con-
trol for a VSA,?? etc. However, the big approximation error may appear when the approximated function does not
depend on the system states or control input. Another reason causes the above-mentioned issue which is an unsuit-
able selection of the RBFNN architecture. These errors significantly attenuate the dynamic behavior and even instability
phenomenon.

Since the approximation error of the NN, the external load, and the influence of the variable stiffness are hypo-
thetical as the lumped disturbance, the development of the effectively advanced methods to deal with them has been
discussed such as an adaptive robust controller and an observer-based composite controller. In References 9,25, the
electrohydraulic elastic manipulator in the face of the matched and unmatched disturbances is presented whilst the
negative influence of the disturbances is suppressed by the adaptive switching gain in the control law. In Reference
26, an adaptive robust controller based on fuzzy global coupled non-singular fast terminal sliding mode control was
proposed for the n-rigid-link elastic-joint robot manipulators to reduce the impact of the lumped disturbances. How-
ever, in practical applications, the selection of a large gain coefficient may affect the system stability, as well as excites
unmodeled dynamics and/or saturate the driver, leading to unsatisfactory performance. Meanwhile, the observer-based
method has already been performed to eliminate the disturbance/uncertainty for the compliant actuators. In detail, the
control performance of the system will be significantly enhanced as the estimated disturbance is compensated by the
control design procedure. Several observers are introduced for the variable stiffness actuator by previous researches, such
as nonlinear disturbance observer (NDO),?”?® extend state observer,?>** impedance observer,’' adaptive observer,?? etc.
However, the potential benefit of the NNs in combination with the observer-based nonlinear controller has still been
an open problem. This perfect incorporation can simultaneously approximate the unknown dynamic system and elim-
inate the impact of the variable stiffness and disturbances. So, taking advantage of a hybrid controller with attached
techniques like NN, NDO provides a promising way to promote the system performance for the variable stiffness
actuator system.

Motivated by the above analysis, a new approach is developed for FJR with the integration of the ASRA, which
includes the actuator dynamics in this work. One advantage of the suggested method is that, by combining the non-
linear disturbance observers, and the RBFNN approximator with backstepping integral sliding mode technique, the
proposed control can deal with the unknown nonlinear dynamic system, the impacts of variable stiffness, as well as
external disturbance. In addition, the suggested controller not only assures the stability of the controlled system but also
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tracks the desired trajectory with a good performance. In summary, the main contribution of this paper can be shown
as follow:

1. The FJR mathematical model, encompassing hydraulic actuator dynamics, is initially formulated, where factors
affecting both mechanical and hydraulic dynamics are consolidated into matched and mismatched disturbances.

2. To the best of the authors’ knowledge, the application of BISMC, RBFNN, and NDO in the context of FIR systems
with hydraulic actuators is novel. RBF neural networks are designed to address unknown nonlinear functions, and
disturbance observers are introduced to compensate for the influence of variable stiffness, disturbances, and the
approximation error caused by NN. Consequently, the proposed controller can eliminate unexpected impacts from
complex unknown system dynamics and unknown bound disturbances, achieving high-accuracy tracking control
simultaneously.

3. The stability of the closed-loop system is analyzed and verified using Lyapunov theory. The analysis demonstrates that
all the variables are bounded, and tracking errors can enter a small region near the zero domain. Finally, simulation
analysis and experimental results under various conditions are conducted to validate the effectiveness of the proposed
controller.

The remainder of this paper is organized in the following. In Section 2, the modeling of FJR including actuator dynam-
ics and some preliminaries, are presented. Section 3 of this paper gives an adaptive NN-based BISMC control approach
for VSA with disturbance observer. Simulation and experiments are investigated in Section 4 to verify the effectiveness
of the proposed controller. At the end of the paper, the conclusion discusses and highlights some needed areas for future
research.

2 | SYSTEMS DESCRIPTION AND SOME PRELIMINARIES
2.1 | Dynamic of system without actuator dynamics

A flexible joint robot with the integration of an ASRA using linear springs is introduced, which provides simultaneous
control of position and stiffness via hydraulic cylinder and the stiffness motor at the same joint, as shown in Figure 1.
The ASRA is based on a bidirectional motion of the direct current (DC) motor to regulate the joint stiffness, whilst the
output link is controlled by a hydraulic system, including a servo valve, a hydraulic pump, a cylinder, and measurement
components.

FIGURE 1 1-DOF flexible joint robot.
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The dynamic system with load and gravity can be illustrated as follows:

Moq +B0q + Go + To = Text
My, + Bi1gy — 7o = 7 1)
M4, + Bag, + 7 = Tm

where g, g1, and g, denote the position of the output shaft, the positions of the principal cylinder, and stiffness motor; M;
(i=0, 1, 2) describes the inertias of the output link, the position control cylinder, and stiffness control motor; Gy is the
gravity term; B; presents the damping on the output link and relevant actuators (with gearbox and other transmission
mechanisms); z,,, 7j, is the control input torque supplied by stiffness and hydraulic actuator; 7., denotes the external
torques on the output unit; z,, 7, in turn, are the spring elastic torque, and the resistant torque. 8 = g-q; describes the
deflection angle between the output link and the immediate link.

The elastic torque 7, can be determined as following’-3?

5 2y3Ra (L — R —2nRa+ a2> 27.Ra (L — R —2n,Ra+ a2>
7, = — = —3K + =¥(q1,92) ©)]

o aa S
V/R? = 2y1Ra + a2 V/R? - 2y,Ra + a?

where E is the elastic potential energy in the spring; Kj is spring constant; a, R, L, y;, (i=1, 2, 3, 4), are the mechanical
parameters of ASRA.
The stiffness K of the ASRA can be computed by the derivative of 7, with respect to the deflection angle 6 as follow:

o

a0

K =f(q2.0) ®3)

The resistant torque 7 for the motor to regulate the stiffness is derived to be

T = L(F1 sina; — F, sin ay) “)
d.n.n

where n is a ratio gearbox, and # is the ratio of the lead screw, b and d are the lengths of the long and short
bars, F; (i=1, 2) is the internal force which generated by each of the springs, «; defines the deflection angles
between the applied force spring and the three-spoke element.

Remark 1. The details of mechanical design ASRA, that is, schematic model, prototype fabrication, are pre-
sented in a previous paper. The difference is only the pneumatic cylinder instead of the hydraulic cylinder.
The interest-reader can research to further understand in Reference 7, In this article, the control strategy is
investigated on the basic of the assuming about the knowledge of ASRA specifications.

Assumption 1. For the stiffness module, the controller inside the motor driver is sufficiently well such that
the torque required by stiffness actuator z,, can be accomplished by a linear function of input voltage u,, for
example, 7, = k,,,u, where k,, is a positive constant.

2.2 | Hydraulic actuator dynamics

The dynamics of the pressures inside both chambers are formulated by

_ 3

Py v (=Ay + Qr — ¢Pr + Qi) (3
c
where C;, V., and f, are the coefficient of internal leakage, a fixed control volume of the cylinder, the Bulk modulus of

hydraulic oil; A is an effective ram area. Qy; is the time-varying deviation model including unmodeled pressure dynamics,
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modeling error, etc. P, = P; — P, defines the difference of pressure, P; and P, are the pressures inside the two chambers
of the cylinder, respectively.

Assumed that the servo-valve dynamics is neglected, and the spool displacement of the servo valve is directly
proportional to the control supplied. Thus, Q is load flow rate which is represented with respect to control input
voltage by

Qr = kiui /P — sign(u)Pr, (6)

where P; is the supply pressure of the pump, k; is a positive constant determined by the servo valve, u; is the control signal
supplied by the controller, and sign is the signum function.
The hydraulic actuator is used to control the position of output link, which can be expressed by>*

Py, = —hyPr, — hey + Mlha\/m + hqQri ™)

where by = %t py = 20 = B2 = k—“
The torque acting onjomt is calculated by the

7, =JTAP, (8)

where J represents the differentiable actuator Jacobian matrix.
From the second equation of (1), one obtains 7, and substituting it into the first equation of (1) yields

§ = My (—=Bog — Go) + My ' J"APy, + My (e — MiGy — B1dy ) ©)

2.3 | The FJR dynamics including hydraulic actuator dynamics

Defining the FIR system statex = [q ¢ P ¢» qz]T =g X X3 x xS]T, and considering hydraulic actuator uncertain-
ties, external disturbances, and nonlinearities resulted from the variable stiffness, the total system dynamics can be
re-expressed as

r.
X1 =X

X = fi00) + g1xs + dy

A

= £06,X3) + 82063, u)uy + d> (10)

X4 = X5

= f3(xt4,X5) + g3Ua

where fi = My (=Boxa — Go): &1 = My JTA; dy = My (e — Midy — B1qy )i fo = —hedxa — hpXs; da = haQri —
heJ0.g> = ha\/ s — Xasign(u): fs = 21< T = Bzxs>,g3 = kM,

Assumption 2. The lumped disturbances d;, d,, and their derivative are assumed to be smooth enough for
model-based controller design and bounded, for example, |d;| < dim, |d2| < dom, |d1| < 61, |d2| < 6, where
dim, dam, 61, 6, are positive constants.

Remark 2. The system dynamic can be divided into two parts: the output position of the ASRA is deter-
mined by the hydraulic actuator, and the stiffness of the ASRA is determined by the DC motor. The position
and stiffness can be adjusted independently as Figure 2. The goal of the paper is to synthesize the con-
trol law (u;, up) based on the NN and NDO that drive the output (g, K) tracking the desired trajectory
(g4, Kq) despite the unknown nonlinear uncertainty, disturbance and guarantee the stability of the whole
closed-loop system.
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FIGURE 2 Schematic diagram of ASRA system.

3 | CONTROL SCHEME DESIGN
Considering the position control loop described by (10), an adaptive neural network backstepping integral sliding mode
control with NDO is designed for FJR to achieve the high-precision tracking control, robustness property in the presence
of uncertainty, and the impacts caused by nonlinearity of the variant stiffness actuation. Firstly, a model-based controller
is built on the premise of the BISMC approach. Herein, we suppose that the information of the ASRA system is suffi-
ciently provided. Next, the RBFNNs are utilized to approximate the unknown function for the case that components of
the dynamic model are unavailable. Then, the NDO is constructed to compensate for the lumped disturbance, including
the influence of the variable stiffness, various uncertainties of the hydraulic servo system, and the approximation error
caused by NN. Finally, the stability of the closed-loop systems is rigorously analyzed based on the Lyapunov synthesis
approach.
3.1 | Model-based controller
We define a series of the tracking error variables e; as follows
=X —Xjg;i=1+3 (11)

where x4 is the desired position. Hence, let chosen the virtual control x4

Xod = —kie; + X14, ki>0 (12)

The derivative of e, is defined as the following:

e =fi+gix3+di — X (13)

To control the e, to be as small as possible in case of the knowledge of d;, the virtual control x34 can be given by:

1 .
X3qg = g—(—fl + X — 1 — kye; — dy) 14
1

Defining the sliding surface with integral term as follow

t
s=e3+ fe; + 19/ ex(¢)dg, vVt >0 (15)
0
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where f, 8 is a positive definite.
The derivative of the sliding variable s, is expressed as

§=eé3+ pé; +9e; =f, + g +dy —X39 + pé; + Je; (16)
The final law control is constructed to eliminate the influence caused by the variable stiffness, disturbance whilst
ensuring the system stability and output link tracking position with small error.
To get the final law control, a fast sliding mode-type reaching phase,>>3¢ is chosen:

S+ ws + Asign(s) =0 a7

where y, A are two positive constants for the reaching phase.
If d, is known, the final control input can be expressed as the sum of two terms as follows:

Up = Uqg + Uy (18)

where the equivalent control law is chosen using the nominal plant parameters and constructed as
1 . .
Ug = g—(—fz + X304 — G162 — ez — ez — dy) (19)
2
and the switch control law is designed to deal with the matched disturbance and given by

Uy = - (—ys — Asign(s)) (20)
g2

3.2 | System dynamics estimation using RBFNN

However, for a practical robotic system with variable stiffness joints, there exist values that are difficult to achieve accuracy,
for instance, the unknown nonlinear dynamic function f, f>. Hence, the model-based controllers cannot be given. Hence,
RBFNNs are employed to approximate these unknown functions as

fi=WThi+ezi=1+2 (21)
where W;*, h;, €; are the ideal weight, Gaussian function, and the approximate error.

2
| K

hiGin) =e (22)

where x;, denotes the input vector of NN, j = 1 + N, N is the number of the basic functions; w; and b; are the center and
width of the Gaussian function.
The estimated value of f; can be calculated by

fi= /WiThi

~ (23)
fi=fi-fi=Wih+e,

where f i Wi, and ﬁ/\l are, in turn, the approximation error of nonlinear function f;, the weight estimation error, and the
estimated value of the ideal weight of the RBFNN.
To increase the robustness of the RBFNN, the adaptive law of weight value is determined as

/V.[71 = Fl_l <h1e2 b /11/1171>

Y —~ (24)
W2 = 1—;1 (l’le - Asz)
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where I';, 4; (i=1,2) are positive constants of the adaptive estimation law.

Assumption 3. The approximation error and weight value of the RBFNN are bounded as ¢; < ey, ||Wi||r <
Wy where ey and W), are positive constants.

Remark 3. Although g; and g, share some parameters with the respective unknown nonlinear terms f; and
f2, we can achieve some preliminary information for the parameters of function g; and g, when an actuator
is equipped for a practical system. Additionally, the perfect model of nonlinear control input terms g; and g,
are available to facilitate the control design procedure.

3.3 | Control design using RBFNN and NDO
In (14), (19), if the disturbance d;, d, are known, then the control law can be directly applied to the plant. Nonetheless,

both d; and d; are unknown in practical application. Hence, the nonlinear disturbance observer can be elaborated which
depends on the achieved information from NN approximator and shown as,'7-3

%} =-L1Z +e +L1<—f1 —81X3 —pa>

N (25)
di =% +Pa
where 31 is the estimation value of the disturbance d;, Z, is the internal states of the NDO.
The designed function p, is selected as follow:
Pa = C1X2 (26)
where c; is a positive constant.
And the NDO gain L, is determined by the following.
0
L, =2 (27)

- 6x2

The estimated disturbance of d; and the approximation of f; are substituted to (14), then the actual x34 can be
re-expressed by

A~ 1 ~ . ~
X3d = —<—f1 + Xpq — e1 — kaey — dl) (28)
&1

Similarly, the NDO to estimate d, is given by

/fb =-LyZp+s+ L2<—f2 — & —pb>

~ (29)
dy =2+ Dp»

where p, = cx3; L, = ¢, is positive constant. 32 is the estimation value of the disturbance d,; Z;, is the internal states of
the NDO.
Then, the following final control law is redesigned:

1 A . ~ .
u = z (—fz +X3q0 — (81 + ez — fer —dy —ys — Aszgn(s)) (30)
2
Define the observer error d; = d; — ai(i =1=+2).
It follows from (25 to 29) that the derivative of observer errors are given by

a1=d1—al=d1—L1a1—ez—LJ1

X . A - B, (1)
d2=d2—d2=d2—L2d2—S—L2f2
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FIGURE 3 Diagram of proposed controller.

The block diagram of the control scheme is depicted in Figure 3. The control system comprises two modules: the
proposed controller, designed to regulate the output position of the ASRA by controlling the hydraulic actuator, and
the PID controller, which is applied to adjust the stiffness of the ASRA by controlling the DC motor. It is impor-
tant to note that there is an interaction between these two components, posing challenges for the control problem. To
address these challenges, the impact of variant stiffness is integrated into lumped disturbances, denoted as d; and d,.
To mitigate the effects of the interaction between stiffness control and output position control, the NDO is employed
to estimate the lumped disturbances. This estimation allows for feed-forward compensation, diminishing the impact
during controller design. The proposed controller is synthesized based on the ABISMC, RBFNN, and NDO, aiming
to drive the output g to track the desired trajectory g under unknown system dynamics and lumped disturbances.
Simultaneously, the PID controller ensures that the output stiffness K effectively tracks the reference signal K.

3.4

Theorem 1. For the ASRA model including hydraulic actuator (10), if the integral sliding manifold is selected
as (15), the control law is (30), the adaptive law of weight value is defined as (24), the NDO is provided by (25),
(29), then all the variables of the closed loop system are bounded.

Remark 4. Compared with previous works,?*=3! the FJR system considered in this study eliminates the
assumption that the system dynamics are known. Instead, the lumped disturbance, including the influence of
variable stiffness and external disturbances, is observed by an NDO, enhancing the feasibility of the FJR sys-
tem. Compared with previous works,?>-26-3233 the unknown nonlinear function is approximated by the NN,
and the presented observer is only considered the external disturbance. However, the the approximation error
caused by NN and the impacts of variable stiffness are neglected.

Remark 5. To alleviate the chattering phenomenon, the sign(-) function is replaced by the saturation function
sat(-) in (30) as

Sate) _ {Ssigms) if |s| > ¢ 32

: otherwise

where ¢ is a small and positive constant.

| Stability analysis

By considering the impact of d;, W, to the system’s stability, the Lyapunov function candidate V; is selected as

12 12 1-~2 17T =3
Vi=zei+=e5+=di+ =W [hW
1=5at 6t od+ Sl

(33)
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Differentiating (33) with respect to time and using (24), (31), the V is given by

Vl = 31(62 - klel) + e (fl + al - k2€'2 +g1€'3 - e1) + al (dl — Llal — e — Llfl) — W{Fl/v‘?l

N et (34)
= —klel - kzez —Lidi + ey + g1e2e3 — le]fl +didi + MWW,
To analyze the stability of overall system, we consider the following Lyapunov function candidate:
Vo=V + lS2 + 1&; + lW;Fsz (35)
2 2 2
Taking the derivative of Lyapunov function (35) with respect to time, and following (24), (31), (34), one obtains:
2 2 2
. ~2 ~ T~ ~ ~ ~
V,= —kle% - kzeg - l,l/S2 - glﬂeg - ﬂlSI - ZLidi + ZAIWITI/VI + Z(—lelfl + didi) + exeq + S¢ep (36)
i=1 i=1 i=1
It is noted that.
TS & T = 2 2T o =T ~ = ~ (T
SAWI W= YW (Wr - W) = z<—,1iwi W, + W W) and —Lidf, = —Lidi<Wi hi + £i>.
i=1 i=1 i=1
Using Young’s inequality, we have
2 2 5
~ TS . s
PAAESNCET VA VA )
i=1 i=1
~ T o =N2 L (37)
- LidiW;h; < %()(idi) + 2wy
— Lidhe; < 2 + 2le)?
where ||h;|| < i, =1,2, y; are positive constants.
Similarly, consider the following inequalities:
~ . ~ 2
did; < 5(di)" +382%i=1,2;
0261 < 365 + 560 (38)
12,12,
se; < ES + 562,
From (37), (38) and Assumption 2, 3, we obtain
: \52  (4-L) :
’ 1 1 1 1 X \g i—L 7 112
Va<-ke - (le=1)e - (w-1)9 - YL(i- £ - L)d - LY wi|
i=1 i=1 (39)

2 2
+§<;(Li +1e2 + g&HW

2
+ 53)

Denote K = min <2k1,2k2—1,2u/—1,L1<1—Lil—;(f),L2<1—LiZ—;(22>,/11—L1,/12—L2) and £=

2 2
Y T@i+ne+ Z;’“”Wi*
i=

2
+67 ).
i=1

Then the derivative of V; can be re-expressed as
Vz < —KV2 + 5 (40)

From (40), one has:

V, < s (1—e™) + Vy(0)e™ (41)

A

35UBD17 SUOWWOD dA (IR0 3|ceal|dde sy Aq pausenoh afe sapiie YO ‘3sn JO s3I 104 Akeid 1T UlUQ AB]IAA UO (SUO }PUOD-pUR-SLLLIBY WD AS 1M A Req 1 U1 UO//:SATY) SUORIPUOD pue SWS | Y3395 *[202/S0/9T] U0 Afeiq i auljuQ A1 ‘("ou eAnde ) aqnopesy AQ 2T, "0ul/200T OT/I0p/wod A im: Afeld 1 puluo//Sdny Wwouy papeojumod ‘0 ‘6€2T660T



PHAN ET AL. W] LEY 1

It is clear from (41) we have lim,_,,,V, = ¢/, which means the Lyapunov function V, in (35) is convergent.3® Hence,
the closed-loop system signals d;, d,, €1, e, s are bounded. As the results, Theorem 1 is verified.

4 | NUMERICAL SIMULATION AND EXPERIMENT
4.1 | Simulation

To demonstrate the effectiveness of the proposed controller, simulation results are provided using Matlab/Simulink envi-
ronment. The sampling time is selected as 0.5 ms. The simulation parameters of ASRA and the hydraulic actuator are
listed as follows:

The ASRA parameter is set as’: M=0.0153 (kgm?); B, =0.007 (Nms/rad); Go=0; M;=0.0284 (kgm?);
B; =0.008(Nms/rad); M, = 0.019 (kgm?); B, = 0.003(Nms/rad); T, = 1.5sin(t). Other specifications of the stiffness module
are defined as: Ky, =4650N/m, r=25mm, dy =230 mm, d; =100 mm, d; =300mm, [=10mm, L =40 mm, R =40 mm,
n=2mm, n=35:1,a=56.5mm, b=130mm, d =52 mm, ¢c=25mm.

The system parameters of hydraulic actuator are set as**: A =0.0008042 m?; Py = 16 Mbar; h, = 1.6 x 10° N /2(s-m?);
hy =50 (1/s); he =2 %1077 (N/m?); k; =3.2x 1078 (m3/s/V/Pa~1/2).

In this paper, the following three controllers are introduced for the position tracking problem to compare the perfor-
mance of the proposed controller: integral sliding mode controller (ISMC), backstepping integral sliding mode control
using NN (BISMCNN), and BISMCNN with NDO (proposed controller). Meanwhile, the PID controller is applied to
regulate the stiffness of ASRA that is expressed as

t
U = quz + Kd(:jz + Kl/ qZ(T)dT (42)
0

where K, =1.2, K; =0.02, and K4 =0.75 are, in turn, the proportional gain, the integral gain, and the derivative gain.
d, = g2 — q24 denotes the position error of the stiffness motor.

1. An ISMC’ is selected as a baseline controller without considering the actuator dynamics. The control law of ISMC is
given by:

ur = K; ' [qa + A7) é1 +p1101 + prasign(oy)) (43)

where K;.=1.5, A11 =5, p11 =10, and p;, =20; and o, is the sliding surface of the ISMC that is defined:

t
op=e + )»11/ e1()dy (44)
0

2. The gain parameters of the proposed controller are set as k; =100; k, =100; #=10; 9 = 5; w =200; 1=100; and the
NDO parameters are L, =0.5; L, =10. The NNs for f;, f, approximation are defined 2-9-1; 3-21-1 corresponding
the layer input-hidden-output, respectively. The parameters of NNs for f1: xiu1 = [x; x,]T with the input range [—20,
20] x [-20, 20]; bj=2.5. The centre w; of the NN nodes are evenly spaced between the upper and lower bounds of
the input range limits of ASRA joint. Thus, w;; is designed as ¢;; =[—25+ 5i1; =25+ 5i1], iy =1 + 9. The parameters of
NNs for f5: Xinz = [x1 X2 x3]7 with the range input [-20, 20] x [-20, 20] x [-1000, 1000]; b; = 3000; and w;. is designed
as ¢y = [—25 + 5ip; —25+ 5i5; —1100 + 10012], ip=1=+2l.

The initial weight value is chosen as zeros. The parameter adaption rates are chosen as I'; =10; [, =50; 4, =0.8;
},2 = 100

3. The BISMCNN contains the similar control algorithm with proposed controller except for the NDO. For fair compari-
son, all design parameters of the BISMCNN controller are set as same as the corresponding parameters of the suggested
controller.
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Remark 6. The selections of parameters are tuned through the trial-and-error procedure as well as the expe-
rience of the designer which not only achieves the good tracking performance but also assures the system
stability.

In order to evaluate the effectiveness of the suggested controller, the following performance indexes are introduced:

1. The integral absolute error (IAE) is utilized as an index of measure of precision tracking, which can be expressed as
oo = \/ %[, lel2dt
2. The maximum absolute value of error during the last ten seconds is defined as ey, = max {|e(t)|} where T defines the

total simulation time

To validate the performance of the aforementioned controller design, the following two case studies will be presented.

Case study 1:

The aim is to make the output position link track a desired sinusoidal trajectory gq(¢) =10 (1 — cos(xnt)) (1 — exp(—t))
deg. Simultaneously, the stiffness of ASRA reaches the desired stiffness which is the square wave pulse, with an amplitude
130 Nm/rad, pulse width 50%. The initial state of the joints g(0) =0 and K(0) = 150 Nm/rad.

The motion trajectories and tracking error of the output link are illustrated in Figure 4. From Figure 4, it
is obvious that the ISMC provides the worst tracking performance under the existing disturbance and unknown
dynamic system. In the case of neglecting the actuator dynamics, the position tracking of the ISMC depends
on the selection of the large gains and cannot be satisfied as compared to the controllers proposed in the lit-
erature. Owning to the RBFNN approximator, the influence of unmodeled dynamics is solved, then the BISM-
CNN gives better tracking performance in comparison with ISMC. Nevertheless, the convergence time and
steady-state errors of these controllers are still big due to the lack of disturbance compensation. With the per-
fect combination of the BISMCNN and the assistant of the NDO, the proposed controller provides the best
performance.

The estimation performance of NDOs is displayed in Figure 5 while Figure 6 exhibits the adaption neural network
law of f1 and f,. From Figure 6, it is obvious that the weight vector of the RBFNNs converges to a small neighborhood
of the origin. The unknown nonlinear function and lumped disturbance are successfully approximated with the assist
of NN and NDO. Hence, the lumped disturbances/uncertainties are compensated by the suggested control law, and the
tracking performance is significantly enhanced. The IAE is computed between the actual output and the desired signal
to measure the accuracy of the comparative controllers, as shown in Table 1.

.......... Ref
10

ISMC = = =BISMCNN =-=-= Proposed

FIGURE 4 Position tracking performance of the comparative controllers case study 1.
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The effects of the varying stiffness can be seen in Figure 7. The output elastic 7, and resistant torque 7y show the
fluctuation with respect to the stiffness adjustment. Although the output tracking suffers from the impacts of the variable
stiffness, the performance of the suggested controller has still guaranteed small error thanks to the NDO.

For the stiffness module, the stiffness controller using the PID technique is designed. The control law u, in (42)
drives the stiffness output following the desired trajectory. The stiffness tracking performance is shown in Figure 8.
As seen Figure 8, the output stiffness tracks reference trajectory with small error thanks to PID controller. Although
the stiffness and position output link can be independently regulated, the stiffness feature still has a meaningful
role for different purposes. In the case of interacting with the environment, the stiffness will be lower to avoid
the impact of the unwanted collision. On the other hand, the stiffness becomes stiffer when the requirement of
the application is given, such as high accuracy position tracking, throwing a subject as far as possible, dismantling
work, etc.

To(INm)

FIGURE 7 The output torque curve during both position and stiffness tracking case study 1.
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FIGURE 8 Stiffness tracking performance.

85U8017 SUOWIWOD) 8AITea1D) 3ealdde ayp Aq peusenob afe saoiLe O ‘@SN JO s3I 10} A%eid 78U UO A8]IM UO (SUONIPUOD-PpUR-SLB)W0D A8 | Im AIq 1 BUI|UO//:SANY) SUOTHIPUOD pue SWis | 3U1 8 *[7202/50/9T] Uo ARiqiauluo A8|iMm ‘(ul eAnde ) aqnopesy Aq T2 dul/Z00T OT/10p/u0d A8 | Areiqijputjuoy/sdny woiy pepeojumod ‘0 ‘6EZT660T



PHAN ET AL. W] LEY 15

Case study 2:

To further validate the robustness of the proposed controller, the comparative controllers are then applied for multistep
trajectory in which the tanh function is used to ensure the continuous features of a second-order derivable. The desired
position can be described as

5 — 5 tanh(100¢) if0<t<2s
5tanh(100(t —2))+1  if2<t<6s
qa(t) =46 — 2tanh(100(t —6))  if6 <t<10s (deg) (45)
10 tanh(100(t — 10)) if 10 < t < 15s
|10 — 2tanh(100(t - 15)) if 15 <t <20

The tracking performance of three controllers is depicted in Figure 9. It can be seen that the accuracy tracking of the
proposed controller is better than the remaining controller in terms of tackling the effects of the disturbance/uncertainty.
The performance indexes are shown in Table 1. Whilst the IAE of ISMC, BISMCNN are, in turn, 0.6806, 0.3729, the IAE
of the proposed controller is only 0.1024 which improves the efficiency 85% and 72.5%, respectively. The comparison
results between the BISMCNN and the proposed controller also indicate that the compensation of the NDO significantly
degrades the effects of the disturbance on the system.

The convergence of the estimation result of the NDO is displayed in Figure 10, which shows the validity of the NDO.
The employment of the NN to approximate unknown dynamics is able to overcome the requirement of an exact dynamic
model. Figure 11 represents the boundedness of estimated parameters that provides the approximation value of the
unknown components in the system dynamics so that the good performance of the proposed can be obtained. In addition,
the internal torque, including elastic torque and resistant torque is generated during the motion system that is exhibited
in Figure 12.

4.2 | Experiment
The hybrid nonlinear control approach was demonstrated on a real-time system through various experiments. The exper-

imental test-rig of ASRA accounting for actuator dynamics is set up as shown in Figure 13. This testing system consists
of the proposed ASRA and a control-data acquisition system, including a personal computer, a data acquisition (DAQ)

10

Time (s)

FIGURE 9 Position tracking performance of the comparative controllers case study 2.
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FIGURE 10 Disturbance estimation case study 2.
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FIGURE 11 Norm of W; and W, case study 2.

card (PCI-6014, Advantech), and the measurement system. Two transducer displacement and two pressure sensors were
used to measure the output link position, the cylinder position, and the pressure inside of the EHA, respectively. Another
part is the stiffness module which comprises of a DC motor (Maxon DCX26L-GB-KL-24V with Gear ratio: 35:1) and an
absolute encoder (Resolution: 4096 pulses/rev). Besides, the PCI-QUADO4 is deployed to provides inputs and decodes for
two incremental quadrature encoders. The proposed controller was employed on the PC within the MATLAB/Simulink
environment combined with the Real-time Window Target Toolbox. The setting parameters of the real system are listed
in Table 2.

The main purpose of the experiments is to provide the practical applicability of the proposed control scheme for output
link position tracking. The following scenarios are given as follow:

1. A sinewave trajectory with variable amplitude and frequency.
2. A multistep trajectory.
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Time (s)

FIGURE 12 The output torque curve during both position and stiffness tracking case study 2.

FIGURE 13 Output Single-link ASRA with the hydraulic actuator in experiment (1-a double rod cylinder, 2-wire sensor, 3-pressure
sensor, 4-Stiffness module, 5-output link, 6-DC motor, 7-ASRA design, 8-Absolute encoder).

To show the influence of the adjustment stiffness, the opened-loop test is firstly conducted in which the stiffness value
is set from K =10 Nm/rad to K =130 Nm/rad corresponding to “soft” and “stiff”. Then, the control input u; is supplied to
the valve, the output position link is recorded as displayed in Figure 14. It can be seen that the oscillation of the output
link will decrease when the stiffness becomes stiffer.

Then, the closed-loop system is implemented with the employment of the different controllers to cope with the influ-
ence of the stiffness modulation, and various uncertainties of the hydraulic servo system. The two case studies are given
as follow:

Case study 1: Considering the constraint of the stroke cylinder in the FJR system, the output tracking position demands
are determined through coordinated transform as q4(¢) = 10(1-cos(xnt))(1-exp(—t)) deg. As for the experiment, the param-
eters of ISMC controller in the Simulink are chosen as K;. =4.5, 411 =15, p11 =15, and p;; = 30. In terms of the proposed
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TABLE 2 Components setting of the real ASRA system.

Module Devices Parameters Specification
Position tracking Hydraulic cylinder Piston diameter 36 [mm]
Rod diameter 12 [mm]
Length of stroke 25 [mm]
Servo valve Model MOOG—D633-317B
Rated flow 10 [1/min]
Pressure transducer Pressure range 0-300 [bar]
Rated output 30 [bar/V]
Displacement sensor Model Rational WTB5-0500MM
Full range 500 [mm]
Rotary encoder Type E40H12-1024-3-V-5
Resolution 4096 [pulses/rev]
DAQ card Model NI PCI-6014
Resolution 16AI/2A0: 16-bits
PCI-QUADO04 (Quadrature encode input) Number of channels 4
Counter type LS7266R1 24-bit

1/0 connector type 37-pin connector

Stiffness modulation DC servo motor Type Maxon DCX26L-GB-KL
Rated rotation speed 5060 [rpm]
Gear ratio 35:1

Absolute encoder

4096 [pulses/rev]

FIGURE 14 Outputlink g executed at 0.5 Hz when the stiffness at the transmission is constant with values K =10 Nm/rad (soft) and
K =130Nm/rad (stiff).
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controller, the control gains and parameters are selected as ky = 10; k, = 90; f =10; w =20; A =60; L, =25; L, =35;1'; =0.1;
['; =0.05; 4; =8; 4, =12. The experiment results of this case are displayed in Figures 15-18. Figure 15 indicates that the
position tracking errors of the suggested controller is smaller more than ISMC, and BISMCNN in the presence of unknown
nonlinear dynamic uncertainties, disturbance. Because the unknown dynamic is approximated by the RBFNN, then it is
compensated through the BISMCNN design, the tracking performance of BISMCNN is better than ISMC. However, due
to the lack of disturbance compensation, the BISMCNN is still worse than the proposed controller. The estimation result
of NDO is described in Figure 17 and the training process of NNs has been expressed via the bounded of the weight vec-
tor. Moreover, the performance indices are presented in Table 3. From Table 3, the (o,, ey) deg of proposed controller
is (0.0465, 0.1747) while the ISMC and BISMCNN have (0.2295, 0.6737) and (0.1249, 0.4330) deg. It again confirms the
effectiveness of the suggested methodology in comparison with relevant controllers. Meanwhile, the stiffness of the joint
can be independently adjusted by DC motor. The stiffness desired in the experiment is set as K4 = 150 sin (0.4nt) Nm/rad,
and its performance tracking is displayed in Figure 16.

---------- Ref ==—=—=ISMC = = =BISMCNN ===-=Proposed
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FIGURE 15 Position tracking performance of the comparative controllers case study 1 in experiment.

FIGURE 16 Stiffness tracking performance in experiment.
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FIGURE 17
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FIGURE 18 Norm of W; and W, case study 1 in experiment.

Case study 2: In this case study, the multistep reference in (45) is employed to further verify the effectiveness of the
proposed control strategy. From Figure 19, it is clear that the ISMC and BISMCNN exhibit large tracking error with
0. =0.0993 deg, e); =0.66 deg and o, =0.0939 deg, ey = 0.6522 deg, respectively. BISMCNN gives slower tracking error
than ISMC because two NNs are employed in BISMC approach. Meanwhile, owning to both the compensation of NDO
and the impressive approximation ability of RBFNN, the suggested controller obtains superior tracking performance
o, =0.079 deg, ey = 0.6304 deg without overshoot. The estimated value of d; and d, is depicted in Figure 20, these results
provide for the controller to reject disturbances. Figure 21 shows the curves of the adaptive neural network approximation
W, and W, by (32). It can be observed that the estimated parameters are bounded.

The results of simulation and experimental reveal that the tracking performance of the proposed controller for FJR
with integration of an ASRA including actuator dynamic ensures high accuracy, less oscillation in the events of the
changing of the stiffness, unknown nonlinear dynamics, and disturbances.

85UB017 SUOWILIOD 3AIER.D 3ol dde 3y} Aq paupA0b a8 S3DILe YO ‘BSN JO S3IN1 10} A%eIq )T BUIIUO AB]IAA UO (SUORIPUOD-PUB-SWSHLI0D" A | 1M Afeid1BU1|UO//SANY) SUORIPUOD PUe sWwis | 8y} 835 * [7202/G0/9T] o A%iqiauliuo A8|im (aul eAnge 1) 8anopesy Aq ZTi2 dul/200T 0T/I0p/ w00 A3 1M Aselg1jeul|uo//sdiy Wwoiy papeojumoq ‘0 ‘6€2T660T



PHAN ET AL.

TABLE 3 Performance indexes of three controllers in experiment.

Controller ISMC BISMCNN
Case study 1 O 0.2295 0.1249
ey 0.6737 0.4830
Case study 2 C, 0.0993 0.0939
ey 0.6600 0.6522
---------- Ref =—=ISMC = = =BISMCNN =-=-=Proposed
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FIGURE 19 Position tracking performance of the comparative controllers case study 2 in experiment.
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FIGURE 20 Disturbance estimation case study 2 in experiment.
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5 | CONCLUSION

In this paper, the NDO-based BISMCNN has been proposed for FJR with the integration of an ASRA accounting for
hydraulic actuator dynamics. Firstly, the NNs are designed to approximate the unknown function and the adaptive law
for the NN weights are then derived. Next, the NDO was augmented to compensate for the lumped disturbances caused
by the effects of variable stiffness, various uncertainties of the hydraulic servo system, as well as the approximation error
of RBFNN. Finally, the integration of the BISMC and the above technique is developed to obtain satisfactory performance
while the system stability has still been maintained in the presence of disturbance, model uncertainties, and the influence
of the variable stiffness. The numerical simulation and experiment results are investigated to validate the effectiveness and
feasibility of the suggested controller. In future research, the advanced controller applied for multi-flexible joint robots
using ASRA will be studied.
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