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ABSTRACT A novel adaptive robust hybrid force/position control (ARHFPC) strategy is proposed for robot
manipulator systems subject to dynamic uncertainties and unknown matched and mismatched disturbances
under input saturation. First, the position controller is designed based on the backstepping approach. The
first-order low-pass filter and the auxiliary dynamic system are synthesized into the controller to overcome
the complex derivative operation of virtual control and handle the effect of input saturation, respectively.
Radial basis function neural networks (RBFNN5s) are utilized to approximate the dynamic uncertainties
and matched disturbances. Then, a disturbance observer is designed for the mismatched disturbances.
To enhance control accuracy of the interaction force between the end-effector and the external environment,
a fuzzy proportional-integral (FPI) control scheme is presented. Theoretical analysis proves that all signals
in the closed-loop control system of robot manipulators are locally uniformly ultimately bounded (UUB).
Simulation results demonstrate the effectiveness and robustness of the proposed control scheme.

INDEX TERMS Mismatched disturbances observer, input saturation, auxiliary dynamic system, robot
manipulators.

1. INTRODUCTION as position sensor faults, mechanical vibrations, and other

Over the past decades, robot manipulators have been widely
employed in industrial fields [1], [2], such as handling, weld-
ing, assembling, etc. However, robotic manipulator systems
are affected by the presence of matched and mismatched
disturbances, dynamic uncertainties, and input saturation.
Enhancing the trajectory tracking performance accuracy and
the accuracy of interaction force control for the end-effector
of robot manipulators remains a challenge, especially when
these systems are subjected to external disturbances such
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external disturbances.

Various nonlinear control methods have been developed
to enhance the position and force tracking performance
for the trajectory tracking problem of robot manipulator
systems, such as sliding mode control (SMC), backstepping
control, and computed torque control (CTC) [3], [4], [5], [6].
An adaptive neuron-fuzzy controller for an industrial robot
manipulator is proposed to achieve the hybrid force/position
control [7]. In paper [8], a new generalized proportional
integral observer is designed to estimate velocity and force
to achieve the robot manipulator’s adaptive force/ position
control. Lutscher et al. [9] proposed an indirect force
controller to deal with unknown environments, providing
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intuitive control over hybrid force and positioning tasks
in joint space and workspace. Wang et al. [10] proposed
an adaptive fuzzy computed torque controller based on the
workspace of a robot manipulator to enhance the accuracy
of force control in unknown environments. In paper [11],
an extended adaptive fuzzy SMC is presented for posi-
tion/force control for Stewart manipulator. For reconfig-
urable manipulators subject to time-varying constraints,
Cao et al. [12] developed an RBFNNs-based terminal SMC
to achieve the hybrid force/position control. The paper [13]
presents a force/position control scheme with environmental
compliance for a continuum robot that allows the end position
to be modified by changes in the continuum robot and
environment. In paper [14], an adaptive fuzzy SMC is
developed which requires the minimum dynamic information
and does not need uncertainties bounds for the robot manip-
ulators operating in uncertain environments. Peng et al. [15]
proposed a neural network-based joint velocity observer to
accomplish velocity-free measurement tracking control of
a robot manipulator. In paper [16], an adaptive SMC is
presented for a crawler-type mobile manipulator to realize
the force/position control. Yang et al. [17] developed a
RBFNNs-based adaptive impedance controller for tracking
the expected interaction force, and the joint velocity is
estimated by a nonlinear velocity observer. To the best
of our knowledge, there are few controller strategies have
been discussed to enhance the control accuracy of the robot
manipulators with mismatched disturbances.

The tracking performance of robot manipulators is always
influenced by actuator faults, uncertainties and external
disturbances. The disturbances are generally composed of
the matched and mismatched disturbances [18], [19], [20],
[21]. Matched disturbances directly hold up the system states
of robot manipulators through the control input. It usually
contains the friction of joints. In contrast, mismatched
disturbances indirectly affect the system states of the robot
manipulators in the absence of control inputs. Mismatched
disturbances widely present in some real engineering system.
While the mismatched disturbances usually contain the
nonlinear terms in rotational kinematic, actuator failure, and
external environmental disturbances. As a result, the robot
may fail to perform tasks precisely or may exhibit undesired
behavior, such as overshooting or oscillations. How to design
the control scheme to eliminate the effect of mismatched
disturbances is still a challenge.

Disturbance observer is commonly employed to achieve
high-performance tracking control in robot manipula-
tors [22]. Several studies [23], [24], [25] have focused on
constructing disturbance observers to estimate mismatched
disturbances presumed to originate from an exogenous
system. To reduce the influence of mismatched uncertainties,
a self-learning disturbance observer-based feedback lin-
earization controller is proposed [26]. In paper [27] and [28],
afinite-time disturbance observer is proposed for mismatched
disturbances. In paper [29] and [30], an adaptive disturbance
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observer is presented. Zhou et al. [31] investigated the
tracking control for strict-feedback nonlinear system under
mismatched disturbances. A backstepping controller is
designed, and the disturbance estimates are inserted in the
virtual control for mismatched disturbances rejection. How-
ever, other significant factors such as dynamic uncertainties
and input saturation have not been fully considered in these
studies.

In some industrial applications, the force/position tracking
performance has to be as accurate as feasible. This requires
the ability to accurately approximate external disturbances
and dynamic uncertainties. Consequently, this work proposes
a robust hybrid force/position control strategy for robot
manipulators with matched and mismatched disturbances,
dynamic uncertainties under input saturation. The proposed
controller can track trajectories precisely and reinforce the
precision of the end-effector’s interaction force control. The
contributions of this work are composed mainly of the
following:

« A novel adaptive robust hybrid force/position control
(ARHFPC) strategy is proposed for robot manipulator
systems subject to unknown matched and mismatched
disturbances, dynamic uncertainties and input satura-
tion. A disturbance observer is designed for the tracking
control of robot manipulators subject to mismatched dis-
turbances. LuGre friction model is described the friction
dynamics. The observer ensures that the estimation error
remains bounded and converges to a neighborhood near
the origin.

« RBFNNs with a new adaptive law are used to
approximate the dynamic uncertainties. The proposed
controller scheme can simultaneously handle dynamic
uncertainties and input saturation for the trajectory
tracking of robot manipulators under unknown time-
varying disturbances.

o The fuzzy inference system is applied to improve the
traditional proportional-integral force controller and
enhance the precision of the interaction force control.

This paper is organized as follows. Section II addresses
the dynamic model of robot manipulators under mismatched
and matched disturbances, uncertainties and input saturation.
In Section III, the design process of the position/force
controller based on backstepping and fuzzy techniques is
introduced. Stability analysis is given in Section IV. The
simulation results are provided in Section V. Conclusions are
given in Section VI.

Il. PROBLEM STATEMENT
A. DYNAMIC MODEL OF ROBOT MANIPULATOR SYSTEM

The dynamic model of the n-rigid link serial robot manipula-
tor is described by:

M@i+C@.Pqg+G@) +ta+Fr(@=1+JA
(H
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where M (q) € R™*" denotes the inertia matrix, C (¢, §) €
R™" denotes the Coriolis and Centrifugal force matrix,
and G(q) € R” represents the gravitation torque. ¢ =

lg1,---, qn]T e R*, g € R", g € R” represent the positions,
velocities, and accelerations vectors. T = [tq, -+, T,]T €
R”" is the actual input vector. iy = [t41, """ ctlt €

R" represents the matched disturbance vector. Fy (§) =
[Fri. - ,Ff,,]T e R” represents the joint friction vector.
A € R™ represents the interaction force. J € R™*" denotes
the Jacobian matrix. LuGre friction model [32] is defined to
described the friction dynamics

Fy = ¢1 (tanh (y14) — tanh (y24)) + ¢2 tanh (y3¢) + ¢34,
@

where y1, 12, ¥3, @1, @2, @3 are positive parameters.
Assumption 1: The friction vector and unknown time-
varying disturbance are bounded:

1Fr @ < a1 +a 1@, Izall < as. A3)

where ay, ay, az are positive constants.

The disturbances are generally composed of the matched
and mismatched disturbances. Mismatched disturbances are
those that not in the same channel as the control input. The
matched disturbances are those that in the same channel as the
control input. Then, we can rewritten the dynamics model (1)
with matched and mismatched disturbances as the following
joint-space form

X1 =x0+d(@)
Xo =8 x1,x2) + ¥ (x1,x) 7T+ 0 (x2,1) 4
y=x

where the state vectors x; € R" and x», € R”
represent the joint positions and velocities, respectively, and
E@nLx) = -M (@) (C(q.9)q+G (@) V@x.x) =
M@, O, = -M'(@(u+F) d©) =
[di, - ,d,]¥ € R" represents the unknown time-varying
mismatched disturbance.

Assumption 2: The disturbances d (t) are bounded, and
the condition limy_, od (1) = 0 holds.

For the subsequent work, the dynamic model of the robot
manipulator should have the following properties.

Property 1: M (q) is a symmetric and positive definite
invertible matrix. There exists with the positive constants cy,
¢y satisfying the following conditions:

cilel> =e'M@e=<crllel’, YeeR". (5
Property 2: M (q) —2C (g, q) is a skew-symmetric matrix,

e’ [M(q) —2C (q.9)]e=0, VeeR" (6)

The precise dynamic parameters such as the inertia and
the Coriolis and Centrifugal force is difficult to obtain
in practice due to measurement errors and environmental
factors. Therefore, the terms M (g), C(q, ¢), G(g) are divided
into the nominal terms My (q), Co (¢, q), Go(q) and the
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uncertain terms AM (q), AC (q,q), AG (g), respectively.
It can be described as

M (q) = My (q) + AM (g)
C(q, 9 =Co(q.9) +AC(q,q @)
G(@) =Go(g +AG(g) .

Assumption 3: The uncertain terms are bounded

IAC (g, DIl < te, IAG @I = La,
(®)

IAM ()|l < tm,

where Ly, Lc, LG are positive constants.

B. INPUT SATURATION

Taking into account the physical limitations of the robot
manipulator’s joint motors, the control input is subject to the
input saturation

Tmax, 1 Tc > Tmax
T=17%, if Tmin < T < Tmax ©)

Tmin, 1 Te¢ < Tmin ,

where tmax = [T1,max, """ » tn,max]T is the maximum control
force or moment and Tpin = [T1,min," - ,r,,,min]T is the
minimum control force or moment provided by motors,
respectively.

C. NEURAL NETWORK FUNCTION APPROXIMATION

As neural networks are excellent at approximating nonlinear
functions, the nonlinear terms of the robot manipulator are
approximated by the RBFNNs. The form of RBFNNs is given
as:

F@Z)=w"'s @), (10)
where F (Z) : R? — R represents a nonlinear function,
zZ =z, ,Zq]T € RY € Qy denotes the input of the
neural network, W = [wq,--- ,wl]T e R rpesents the
weight vector, [ > 1 describes the network node number, and
SZ) = [s1,-- ,s1]T e R! represents the Gaussian basis
function

—(Z — BT (z — B:
sl-<Z>=exp( -t ’3’)), =121,
ni

(11)

where n; and 8; = [Bi1, -+, ﬂiq]T are the width and centers
of the Gaussian function, respectively.
The equation (10) can be described as follows

F@Z)=wTs )+ A, (12)

where A expressed as the error of approximation, which
satisfies |A| < A with A > 0being a constant. W* represents
an ideal constant weight which can described as

W = argmin[ sup |F () —wTs (Z)‘] a3

WeRd | zeQy
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Control Objective: This paper aims to propose an
adaptive robust hybrid force/position controller for the
robot manipulator system described by equation (1) with
matched and mismatched disturbances, uncertainties and
input saturation such that the closed-loop system is bounded
under Assumptions 1-3. The hybrid controller is expected to
exhibit excellent tracking performance, as evidenced by the
convergence of the tracking error tl_l)rgo i1, A — 0.

1Il. DESIGN OF ADAPTIVE ROBUST HYBRID
FORCE/POSITION CONTROLLER

In this section, we develop a novel Adaptive Robust Hybrid
Force/Position Control (ARHFPC) scheme for the robot
manipulator, aiming to enhance both trajectory tracking per-
formance and the accuracy of the end-effector’s interaction
force control. The proposed controller comprises several
key components: a low-pass filter, a backstepping con-
troller, Radial Basis Function Neural Networks (RBFNNs),
a Mismatched Disturbance Observer (MDO), an Auxiliary
Dynamic System (ADS), and a Fuzzy Inference System
(FIS). The low-pass filter is employed to address the complex
derivation problem of the virtual control input. RBFNNs
are utilized to approximate dynamic uncertainties, while
the MDO is constructed to reject mismatched disturbances.
Additionally, an ADS is employed to mitigate the effects
of input saturation. Furthermore, a FIS system is applied to
enhance the traditional proportional-integral force controller
and improve the accuracy of interaction force control.
Figure 1 illustrates the structure of the proposed control
scheme.

A. POSITION CONTROLLER DESIGN
The position controller is developed step by step using the
backstepping technique. Firstly, some auxiliary variables
is introduced. Then, the candidate Lyapunov function is
presented directly..

Step 1: The state error is defined as:

X1 =X1 — X4, (14)

where xq is the desired trajectory. The derivative of the state
error (13) is defined as
M=o =i, (15)

and the virtual control input is defined as

a=—Ki¥i +is—d (1), (16)
where d (t) represents the estimation of d (t). The Lyapunov
function candidate is defined as

1

Vi = EfclTil . (17)

The following low-pass filter with time constant Ty is applied.

Tt =
{ 0Vd + vy =« (18)

va(0) = «(0),
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where vy denotes the state of the filter, and Uy which is used

to replace the ¢ can be obtained directly from the filter.
Step 2: Define the state error as:
X2 =X2 — U4, (19)
Therefore, differentiating the Lyapunov function Vi, we can
obtain
Vl = —)~61T )Lq

= —xTK% + 5% 20

= —X; KiX) + X] X2, (20)
The Lyapunov candidate function is defined as follows:

1
Vo=V + E)?QTM)?Q. (21)

According to Property 2, the time derivative of Vo can be
described as:

. 1 .
Vo = —)?lTKl)'El +)'21T)~62 + Efg(M —2C)x
+ i (v — 1y — Ff — Cug—G — My)
= —)~CITK1)~61 +)~CIT)~62 + )~62T(‘L' —tq — Fy
— Cvg—G — My). (22)
To handle the dynamic uncertainties, matched distur-

bances, and joint friction, the RBFNNs are used to approx-
imate

W*S(Z) = AMVU; + ACvuy + AG + 14 + Fr + &(2),
(23)
where Z = [qT, c'}T, vg?, 1')5]T € gz, e(Z) denotes the
approximate error vector and satisfies ||e(Z)|| < €. Define W

as an estimation of W¥*, the estimation erroris W = W*—W.
Therefore, the following controller is designed

7y = Cova + Go + Mova — %1 — Ko¥o + WIS(Z),  (24)

with the adaptive law:
¥20cW; = —P(Si(Z)%a,i + oiWii=1,---,n,  (25)

where P; > 0 and o; > 0 are design parameters.

The following ADS is formed to settle the influence of input
saturation [33]:

where ATt =1 — 1., 0 = [V, --- ,ﬂn]T € R”" represents
the state vector, Kyp = KOT € R™7 represents a positive
parameter matrix and @ > 0 denotes a small positive scalar.

Therefore, combining equation (24) and (26), as shown

at the bottom of the next page, the position controller is
proposed as follows

=T+ Ta, 27

where T, = K0, K, € R"" is described as a positive gain
matrix.

According equation (27), we can rewritten the equation (22)
as follow

Vz = —)~61TK1)~61 — )Nchz)zz —|—)~62TV~VTS(Z)
+3le2)+ 3T K0, (28)
where Ky =diag [ki1, - - - , kin] and Ky = diag [kz1, - - -, kon]

are design positive parameter matrices.
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FIGURE 1. Scheme of the adaptive robust hybrid force/position controller for robot manipulator.

B. MISMATCHED DISTURBANCE OBSERVER DESIGN
The time derivative of the state error (14) is:

X =41 — iy =x0+d — . (29)
Substituting equation (4) into equation (29), we obtain
X1 =i +d— 3
=E@Lx) + VY@Lt +d -3y
=T (x1,x2, %) + ¥ (x1, x2) T +d, (30)

where I (x1, x2, x4) = B (x1, xp) — Xg4.
The following observer is proposed for rejecting the
influence of mismatched disturbance

[3=8+N

. A (31
§=—L (T (x1,x2,x7) +W¥ (x1,x2) 1) — Ld

where N = L);cl, 8 € R” represents the state vector of the
observer, and L = diag [/, -- -, [,] is a positive gain matrix.
Define the disturbance observer error as d = d — d , and its
derivative can be obtained

The Lyapunov function candidate is chosen to be

J
Vi = Ed d. (33)
Taking its first time derivative, we can obtain
vy =aT(a_L(a_a))
=d"d—d"Ld +d"Ld . (34)
From the following square inequality
~ e i~ 1 ...
d'd < ed"d + —d'd, (35)
4eq
~ . . 1 . .
—d"Ld < —e>d"d — —d"L"Ld, (36)
dey
A . 1 - N
dTLd < e3d"d + 4—dTLTLd, (37)
€3

where €1, €7, €3 are small positive constants. Subsequently,
equation (34) can be reformed as:

d=d—d Vi < —bVa+e, (38)
=d—5§-N where
:d+AL(F (‘jcl,xz,xd)+\ll(x1,x2)r) b=2(es— ) — £3). (39)
-'._Ld ) .LXI N c= (L — M)CZ + ME{T& (40)
=d—-1(a-d). (32) = T dm T T g ‘
S0 %At 4+ 0.5A7T AT
: —Ko — —— . U4+ A, [Pz w
5= 0 e 1l (26)
Onx1, 17 < w
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Then, we have V; < 0 by choosing the appropriate
parameters. The disturbance estimation error is bounded and
converges to a neighborhood near the origin.

C. FORCE CONTROLLER DESIGN

In some working scenario, the robot manipulator is tasked
with trajectory tracking while simultaneously adhering to
constraints on the force exerted by the end-effector due to
human interaction and environmental factors. To achieve this,
selection matrices S; and S, are commonly employed to
designate the control mode for each joint. During the design
of the force controller, we aim to keep the Z-axis interaction
force A constrained.

The force controller takes the following form:

A=K +K} / adr (41)

where & = A — A4 is defined as the interaction force error,
Aq is the desired force. K and K;* are proportional gain and
integral gain, respectively.

In order to better improve the force tracking effect of the
end-effector, we introduce the dynamic adjustable parameter.
Then, FIS technique is utilized to adjust the parameters of the
force controller. Define A and d A as the inputs of the inference
system, and AK), and AK; represent the system outputs. The
IF ~ THEN rule of the FIS is designed as follows:

Rule Rp: IF A, is By, di, is C.,

THEN AK;, is 71, AKp is Ve,

where r = 1,2,--- ,m, Bp(b = 1,2,---by) and C.(c =
1,2,---cy) are the fuzzy sets for X and da,. rpe and vpe
are described as the central of fuzzy sets for AK; and
AK,-. Applying singleton fuzzification, product inference,
and center average defuzzification, the final FIS can be obtain

AK SN g (e (di e
r — ~ ~
Z N 1B, G, (dAy) "
ZN1 ZCNI 118, (A )c, (dhr e 42
AK,, = e

Y SN g, G, (dAy)

where up, (A,) and e, (dA,) are the membership functions
in the fuzzy sets By, and C,, respectively. Subsequently, the
follow equation can be obtained:

{ Kir = Ky + MK @)

Kpr = Ko + AKpr

where K;;O and K;ro are the initial values of K;, K * Kl.’(‘)
Kinols Ky = diag [ K.+ K ] AK;

dlag[ i10° """ pm0 |°
diag[AKj1, - -+, AKiy], AK, = diag [AKpl, oo, AKpn].
From equation (39), and (41), the force controller based on

the FIS in Cartesian space can be described as:

A= &, / Rdt+ K% (44)
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whereK dlag[ i1y - IA(im] b _dlag[ SYPREE ,I?pm].
The Cartesian space force A is converted into joint-space
torque by using the Jacobian matrix

7, = J I SHn. (45)

Finally, the hybrid force/position controller is proposed as
follow:

T=1.4+710, (46)

with the adaptive law (25) and fuzzy law (43). FIS Dynamic
Adjustable Parameter Technology introduces force errors
into parameter changes, allowing real-time adjustment of the
controller’s output action.

IV. STABILITY ANALYSIS
The following Lyapunov candidate function is selected for the
closed-loop system

1 .
V= Exl %1+ —x2 M3, + Z WP lw;
+ 5dTar + EﬂTﬁ. (47)

From equation (28), and (34), the time derivative of (47) can
be obtained

V =-ilKi% — i Kb + T WTS(2) + 3l e(2)
+ KD =Y WS+ o)
+d%d —d"Ld +d"Ld + v . (48)
By using Young’s inequality, we can achieve:
- 1_,. 1_
szs(Z) < EXgXZ + 582, (49)
1 1
H K < S8 % + EﬁTKaTKaﬁ, (50)
—GiWI-TWi = —GiWiTVVi — UiWiTWl-*
—%W}Wi + %Wi*TWi*. (51)

(1) If the condition || 9| > w set, considering equation (26)
and the above inequality, we have:

Ty oT . n
9Ty = —9T Koo Zi:
n

<~ (Ko® — 0.5Lixn)? — D

Then, according to equations (35)-(37), equations (49)-(51),
and equation (52), we can rewrite the equation (48) as
follows:

14

|Rian] - 058t AT + 97 A
|%2iAT]. (52

1
< iK% — i Kok + ¥ % + EﬁTKaT K

— EWT — (g2 — &1 —e3)d'd — 9T (Kov
— 0.5Lyxn)® + E’W?“TW?“ —~ § _ [iag|
o 1 LTL 1
dT (— dT Loyl
+d'( e ) + e + 2
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Amin(K2) — 1 ~T ~
——X X —
Amax(M)

i 1 1
— (&2 — &1 —e3)d"d — [Amin(Ko - EK;{Ka) - 5} o7

O ~m ~
‘wlw,

= _)»min(Kl);C] X — E i

Oj y— 1 )\min(LTL) 2
— W W — — —)C
W W G 4oy G
R T
+ Amin(L L)(,?Ta + 152
483
=-avV+v (53)

where Amin(-) and Apmax(-) are the matrix’s minimum and
maximum eigenvalues, and

2Amin(K>) — 2 20;
£ = min [nmm(m mn®2) =2 __ 20

)"max(M) )Vmax(Pi)’
2ex — &1 = £3), hmin(2Ko — K7 K) — 1]
in(L"L)
2 +( £l 4oy
Amin(LTL) A n 1
+ —m‘“( )de + -8 (54)
483 2
Solving the inequality (53), we obtain:
Vi Vi e 51t
0<V@l) <= —+|V(O0) - — (55)
&1 &

(2) If the condition || ||
Young’s inequality, we have

oTH =0. (56)

< w set, based on (26) and

According to equations (35)-(37), equations (49)-(51), and
equation (56), we can rewrite the equation (48) as follows:

)»mln(KZ) -1
—x _ iy
Amax(M) 2275

U 1
— (82— &1 —e3)d"d + [xmm(—KZ Ka>] o7y

V = _)\min(Kl))Ncl X1 -

o] 4 — 1 )\mm(L L)
ZiwTw: Amint> &)
+ 2 b +(48 4gy
Amin(LTL) npn 1,
i = aTd + —
+ 463 + 28

=—0V+V,, (57

)Cj

where
2hmin(K2) =2 20;
)\max(M) ’ )\max(Pi)’
2(er — &1 — €3), )&min(KTKa)]
g Y — 1 )&mm(L L)
Vo= —W*W; _—
2= WEWe e G T T
AminLTL) ~rn 1
4 Amin@ L) arg | Lea (58)
483 2
Solving the inequality (57), we obtain:

{» = min |:2)\min(Kl),

)Ci

0<V@) < V2 + [V(O) — E} e %t (59)
& o
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TABLE 1. Design parameters of the controllers.

Controller Parameter Value
Ko, K1, K2 diag|2, 2, 2], diag[300, 300, 200], diag[300, 300, 200]
ARHFPC L, To, Ka, | diag[1, 1, 1], 0.01, diag[1, 1, 1], 60
i, Piy 0j 3, 300, 0.02
ke, Ko Kitg 100, 10, 5
PD kp, ka 200, 150
SMC k1, k2 diag[10, 10, 10], diag[15, 15, 15]
Back-stepping kp1, kp2 diag[50, 50, 50], diag[45, 45, 45]

TABLE 2. The fuzzy rules of AKp.

AK,\ A
< N Z P
dXx
N N N Z
z N Z P
P Z P P
TABLE 3. The fuzzy rules of AK;.
AKX
N Z P
dX
N N Z Z
z Z P P
P Z Z P

Subsequently, the following theorem summarizes the main
results.

Theorem 1: Consider the robot manipulator model (1)
with Assumptions 1-3, the hybrid force/position con-
troller (46) with the virtual control signal in (16), the first
order filter (18), the adaptive law (25), the ADS (26), and
the mismatched disturbances observer (31). If the condition
V(0) < Cy with Cy being any positive constant hold, all the
signals of the closed-loop control system remain bounded, the
force and position tracking errors and observer errors remain
in a neighborhood around origin.

Proof: Synthesizing equation (54) and equation (59)
yield

0< V) < ; + [V<0> - ;} = (60)

where ¢ = min[¢, 2] and V = min [V, V;]. According
to equation (60), V(¢) is bounded if V(0) < Cp hold. The
Lyapunov function V() is locally UUB. Therefore, x;, X2,
W, d, and ¢ are locally UUB according to equation (47).
Furthermore, the conclusion llm,_mok = 0 is obtained by
the boundedness of g and ¢. Therefore, the force tracking
error A is also bounded and converges near a neighborhood
around origin. As a result, in this closed-loop control system
all signals are locally UUB. O 0 ]
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FIGURE 2. Mismatched disturbances d and their estimate values d.

Remark 1: Controller gains K1, K typically lead to faster
error convergence, as they increase the control effort in
response to the error signals X1, Xp. The parameter K,
K, represents an additional control gain term. Adjusting its
value can influence the control performance, particularly
in situations where there are uncertainties. L terms affect the
accuracy of disturbance observation and the ability of the
controller to reject disturbances.

V. SIMULATION RESULTS AND DISCUSSION

The PUMAS560 robot is employed to evaluate the perfor-
mance of the proposed controller in this section. The first
three joints is only considered for simplicity in analyzing.
The detail robot parameters are given in the work [34]. The
parameters of friction model (2) are chosen as ¢; = 0.2,
71=1¢,903=05,y2,y3 =05.

The RBFNNSs’ function centers §; are evenly spaced in the
range [—2,2] x [—2,2] x [-2,2] x [-2,2] x [-2,2] %
[-2,2] x [-2,2] x [-2,2] x [-2,2] x [-2,2] x [—2, 2] x
[—2, 2]. The desired interaction force is selected as A; = 20N.
The distance between the origin of the inertial reference
frame and the Z-axis surface is considered as: x, = 1m. Then,
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FIGURE 3. The tracking performance comparison under scenario 1.

the end-effector’s interaction force is described as A = k.,
(x; — x.) and the selection matrix is chosen as S =
diag[0, 0, 1], respectively.

We make a comparison to illustrate the ARHFPC con-
troller performance with the PD controller (61), SMC
controller (62), and backstepping controller (63) to illustrate
the performance. All design parameters of the proposed
controller are outlined in the Table 1. The joint saturation
limits are set to [(£50N.m, =50N.m, =30N.m]. In the force
controller term, we define the N (negative), Z (zero),
P (positive) as the fuzzy subsets, respectively. The fuzzy
rules for AK), and AK; are presented in Table 2 and Table 3,
respectively.

Tpd = — p)zl — kd):él. (61)
| Tom = Mg — kox1) 4+ C(xa — ) + G — kgsgn(s)
s = X1 + ks1X1.
(62)
Tps = MXg + (C — kpp — Mkp)x2 + G
— (kptkpz + Dx1 + (Mkp1 + kp2)xa. (63)
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FIGURE 4. Joint position tracking errors under scenario 1.

We choose desired trajectories, unknown time-varying
mismatched disturbances as

1.5 sin(0.2¢)
1.5sin(0.17) | , (64)
1.58in(0.5¢)

cos(2.5t) — 2 cos(3.5¢)
2 cos(3.5¢) —sin(2.5¢) |. (65)
sin(2.5t) 4+ 2 cos(3.5¢)

Figure 2 show the estimation of the mismatched dis-
turbances. It is obviously shown that the MDO can
quickly track unknown mismatched disturbances. We design
three scenarios to illustrate performance of the proposed
controller.

xa = [xq1, X2, xa3]7 =

d(t) = [dy,dr,d3]" =

A. TRACKING WITH SMALL EXTERNAL DISTURBANCES
In the first simulation, the following small time-varying
disturbances

1.5 cos(4.51)
1.5sin(3.5¢) (66)
1.5sin(4.5¢)

was applied. The position tracking performance of joints 1-3
under the controllers are shown in Figure 3. Figure 4 shows

T
g = [td1, Ta2, @3] =
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FIGURE 6. Interaction force tracking under scenario 1.

the position tracking errors. Observing Figures 3 and 4,
we notice that all four controllers are capable of swiftly track-
ing the desired signal. However, the PD controller exhibits
the poorest tracking performance when small disturbances
occur. In contrast, the SMC controller outperforms the PD
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FIGURE 8. The tracking performance comparison under scenario 2.

controller in terms of tracking performance. Notably, both
the ARHFPC and Back-stepping controllers demonstrate
superior performance. The control efforts exerted by each
joint for the controllers are depicted in Figure 5, indicating
that the proposed ARHFPC controller provides continuous
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FIGURE 9. Joint position tracking errors under scenario 2.

control input. Figure 6 and Figure 7 show the interaction force
tracking and tracking errors. Combining Figure 3 to Figure 7,
based on the proposed controller, we can obtain that it has
minor tracking errors and better control performance when
the system is affected by small disturbances.

B. TRACKING WITH LARGE EXTERNAL DISTURBANCES
A large time-varying disturbances

5 cos(4.5¢)
5sin(3.5¢1) 67)
5sin(4.5t)

T
T = [Td1, Ta2, i3] =

are applied to the system. It is clear that the large time-varying
disturbances has an enormous influence on the performance
of four controllers. Figure 8-Figure 9 show position tracking
performance and tracking errors. Figure 11-Figure 12 show
force tracking performance and tracking errors, respectively.
According to the above figures, the PD and SMC offer worse
force and position tracking performance. The benefits of the
NN term compensation are significant in conditions where
the large time-varying disturbances exist. Low steady-state
errors and fast transient response are provided by the
ARHFPC. In addition, it also provides a continuous control
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FIGURE 11. Interaction force tracking under scenario 2.

input from Figure 10. The proposed controller still maintains
good control performance, and the tracking errors can meet
the actual expectation.

C. TRACKING WITH DYNAMIC UNCERTAINTIES
This scenario is designed to illustrate the robustness
of the ARHFPC controller by considering the dynamic
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FIGURE 13. The tracking performance comparison under scenario 3.

uncertainties. The uncertainties terms are selected as: AM =
0.4M, AC = 0.5C, AG = 0.2G. Figure 13 to Figure 14
clearly demonstrate that the proposed ARHFPC controller
is still has good tracking accuracy for the desired position.
The proposed ARHFPC controller also provides a continuous
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TABLE 4. Comparison results of performance indices.

Controller  scenario 1 ~ scenario 2 scenario 3
T 0.0683 0.0731 0.0672
Tpd 0.8517 0.8843 0.8426
Tsm 0.5642 0.6192 0.5573
Ths 0.2232 0.2819 0.1945

control input from Figure 15. Figure 16 to Figure 17 show that
the force tracking performance is also well guaranteed. The
updating process of the adaptive of RBFNN weights is given
in Figure 18.

For the purpose of comparing the results of the above
controllers, the tracking errors is quantified by considering
the following performance indices are proposed as following

IrsE

1 ~ 2
=S \/nel R+ lle2 0P+ les 012+ % o |
(68)

where ¢;, i = 1, 2, 3 is the tracking error of three joints. And
the comparison results are drawn in Table 4.
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FIGURE 16. Interaction force tracking under scenario 3.

From Table 4, it is evident that the proposed controller
achieves smaller indices in all scenarios, indicating superior
control performance. This improvement can be attributed
to the introduced MDO and NN terms compensations,
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facilitating the rapid convergence of estimated mismatched
disturbances and uncertainties towards their actual values.

Overall, the proposed ARHFPC controller demonstrates
the best performance in terms of steady-state error, transient
response, force, and position tracking accuracy, as evident
from the comparison results provided above.

VI. CONCLUSION

The main objective is to address the hybrid force/position
control problem for robot manipulators subject to dynamic
uncertainties, matched and mismatcheded disturbances, and
input saturation. Firstly, the position controller is developed
using backstepping technique. Then, the first-order low-
pass filter and the ADS are synthesized into the controller
to overcome the virtual control’s complex derivative oper-
ation and handle the input saturation effect, respectively.
Additionally, the force controller for the end-effector’s
interaction with the environment is enhanced using Fuzzy
Proportional-Integral (FPI) control. Due to the approximation
capacity of the RBFNN:S, it is utilized to compensate for the
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effects of matched disturbances, joint friction and dynamic
uncertainties. External disturbances consist of matched
and unmatched disturbances. Since the robot manipulators
are impacted by numerous disturbances during operation
that reduce the system control performance, an observer
is designed specifically for the mismatched disturbances,
aiming to improve control accuracy by accurately estimating
these disturbances and mitigating their effects on the system
states. It can provide that all the control signals of the whole
system are asymptotically stable by Lyapunov stable theroy.
The proposed approach achieves better tracking performance
in terms of matched and mismatched disturbance rejection,
uncertainties and input saturation. It indicates the best
performance in terms of steady state error, transient response,
force and positions tracking accuracy from the above
comparison results. The limitations of the proposed method
are that the matched and mismatcheded disturbances are
assumed to be continuously conductible. For future work,
we will investigate the influences of sensor faults on the
system and make a compensation for it in the course of
operation.

APPENDIX
LIST OF ABBREVIATIONS
ADS Auxiliary Dynamic System.
ARHFPC  Adaptive Robust Hybrid Force/Position Con-
trol.
FIS Fuzzy Inference System.
FPI Fuzzy Proportional-Integral.
MDO Mismatched Disturbance Observer.
RBFNNs  Radial Basis Function Neural Networks.
SMC Sliding Mode Control.
UUB Uniformly Ultimately Bounded.
LIST OF SYMBOLS
T=[11, -, T]" Actual input vector.
g = [tq1, -, rdn]T Matched disturbance vector.
C(q, 9 Coriolis and Centrifugal force

matrix.
Unknown time-varying mis-
matched disturbances.

d(t) :[dli"' ’dn]T

Fr(g) = [Fp1, -+ ,an]T Joint friction vector.

G (g Gravitation torque.
J Jacobian matrix.
M (q) Inertia matrix.
q.9, q Positions,  velocities, and
accelerations vectors.
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