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ABSTRACT In order to improve the security and compliance of physical human-robot interaction (pHRI),
an adaptive fuzzy impedance control for robotic manipulators based on finite-time command filtered method
is proposed in this paper. Firstly, robots usually encounter system uncertainties in practical applications, and
the adaptive fuzzy control is introduced to approximate the system uncertainties. Secondly, the finite-time
control method is used to improve the interaction performance of the system. Then, the command filtered
control technique is used to deal with the “computational complexity ” of traditional backstepping. Finally,
simulations are conducted to illustrate the effectiveness of the proposed control method in physical human-
robot interaction.

INDEX TERMS Physical human-robot interaction (pHRI), adaptive fuzzy control, impedance control, finite-

time control, command filtered control.

I. INTRODUCTION
In recent years, robots have been widely applied in social
services, such as rehabilitation [1], home service [2], educa-
tion and entertainment [3]. Physical human-robot interaction
has become one of the active research fields in social service
robots [4], [5]. It should be concerned that security and com-
pliance should be guaranteed in pHRI. Hence, researchers
pay more attention to how to design more effective control
strategies to achieve better interaction effects. To regulate the
physical interaction between humans and robots, impedance-
based controllers have been widely used [6]—[8]. In addition,
robots usually encounter system uncertainties in practical
applications [9], [10], such as sensor error, and parameters
change, which will affect the performance of the robot control
if they are not handled properly. Therefore, it is crucial to
study the effective impedance control approaches for robots,
which ensure the physical interaction performance by dealing
with robot system uncertainties.

During the past years, many research results show that
fuzzy logic control plays a significant role in estimating the
dynamic model of complex nonlinear systems [11], [12], and
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various impedance control approaches based on the adaptive
control [13], [14] and fuzzy logic control [15]-[17] have been
proposed for uncertain manipulators. Among these works,
an impedance sliding mode control with adaptive fuzzy com-
pensation scheme was proposed in [15] which employing
adaptive fuzzy to estimate uncertain model. In [17], an adap-
tive fuzzy impedance control method where the fuzzy logic
system (FLS) was used to approximate unknown nonlinear
dynamics was exploited for pHRI. To improve interaction
performance in pHRI, finite-time control [18]-[20] has been
used in robotic manipulators. In [18], S. Yu introduced finite-
time control into the robotic manipulator system, combined
with terminal sliding mode technique to achieve a higher pre-
cision control performance and converge to the equilibrium
in finite time. Up till now, the finite-time impedance control
of uncertain manipulators has been seldom studied because
it is extremely tough to eliminate the influence of manipu-
lator uncertainty in the design of the finite-time impedance
controller. Hence, it is a challenging work how to extend the
finite-time impedance control to the uncertain manipulator to
ensure the finite-time convergence of the control error.

In another research field, backstepping is one of the most
effective control techniques for strict-feedback nonlinear
systems, but the repeated derivatives of the virtual control
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law in the backstepping control increase the “‘computational
complexity ” [21], [22]. For the sake of solving this prob-
lem, the dynamic surface control (DSC) was proposed by
Swaroop et al. [23], Zhang and Ge [24], Yu et al. [25], but
it doesn’t take into account the problem of approximation
errors generated by the first-order filters, and the control
quality of the system may be affected. Therefore, Farrell ez al.
proposed command filtered control (CFC) [26]-[28], which
solves approximation errors problem by some compensated
signals, and reduces the complexity of the controller design.
However, how to design the finite-time command filtered
impedance control for the robotic manipulator systems is still
a problem to be solved.

Based on the observations above, this paper proposes an
adaptive fuzzy finite-time command filtered impedance con-
trol (AFFTCFIC) method for robotic manipulators to improve
interaction performance. Adaptive fuzzy control is used to
approximate the uncertain dynamics. The finite-time control
was used to improve pHRI performance. CFC technique
can deal with the issue of the “computational complexity
” in the backstepping design, and overcome approximation
errors problem for DSC by designing compensated signals.
Lyapunov stability criterion is used for stability analysis. The
primary contributions of the proposed control method can be
summarized as follows:

e In the face of pHRI system, an AFFTCFIC scheme is
proposed for the first time, which can achieve desired
tracking performance in finite time. Hence, it expands
the application scope for practical pHRI systems.

e Command filtered control technique with compensation
signals is adopted to solve the problem of the “computa-
tional complexity ” in the process of classical backstep-
ping impedance controller design in [17].

e Compared with [15] and [17], the finite-time control
can ensure the impedance control of the robot system
with higher control accuracy and faster convergence
speed. Therefore, it is introduced into the impedance
control of the robotic manipulator, which can improve
the interaction performance in pHRI system.

Notation: To facilitate the design of the AFFTCFIC. Let vf
be vf = vf,...,vf,...,vfd], (i=1,...,nneN*). The
Euclidean norm of a vector is denoted by ||*||. The maximum
and minimum eigenvalues of the matrix * are denoted by
Amax (k) and Amin (%), respectively.

The rest of this study is arranged as follows. The math-
ematical model and preliminaries are given in Section /I.
AFFTCFIC controller design and stability analysis are pre-
sented in Sections //] and IV. Simulink results and conclu-
sions are shown in Sections V and VI.

Il. MATHEMATICAL MODEL AND PRELIMINARIES

A. SYSTEM DESCRIPTION

Consider a physical human-robot interaction system, includ-
ing a P-link manipulator and the force sensor mounted on the
end-effector (P > 1). A P-link manipulator dynamics [29] in
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Cartesian space is described as
D)X+ Cx,x\))x+Gx)=1—1, (D

where x, x,X € R" are the position, velocity, acceleration
vectors at the end-effector of the manipulator in Cartesian
space, D (x) X € R" denotes the inertia force vector of the
manipulator in Cartesian space, C (x,x)x € R" denotes
the Centripetal and Coriolis force vector of the manipulator
in Cartesian space, G (x) € R" denotes the gravitational
force vector of the manipulator in Cartesian space, T € R"
denotes the control input vector, 7, € R" denotes the vector
of constraining force on robotic end-effector in Cartesian
space, which is 0 when the robotic manipulator is no contact
with human or environment. n denotes the dimension of the
operational space.

Property 1 ( [30], [31]): The matrix D (x) is symmetric
positive definite.

Property 2 ( [30], [31]): The matrix 1D (x) — C (x, %) is
skew-symmetric.

For the convenience, D, C and G represent D (x), C (x, x)
and G (x), respectively.

Let x; = x and xp = x;. Equation (1) becomes

s=D'[t—1,—Cx—G]. 2)

When the manipulator comes into contact with human or
environment, an interaction force will be generated based on
the user-defined dynamics, the target impedance. The desired
impedance dynamics in the workspace [32] is expressed as

Mgé + Bge + Kje = t,, 3)

where e = x4 — X, X, denotes the commanded trajectory, x4
denotes the desired trajectory. the desired inertia, damping,
and stiffness matrices are denoted by My, By, and K; spec-
ified by the user, respectively. If the manipulator moves in
free space, there has x, = x4 and t, = 0. However, when the
manipulator is in contact with the environment, the contact
force of the end-effector is defined by the desired impedance
dynamics (3). If x tracks x, precisely, (3) becomes

My (g —X) + By (xg — X) + Kg (xg — x) = T,.

It should be mentioned that 7, can be measured from force
sensor on robotic end-effector, M,;, By, K; and x, are defined
by the user. Therefore, x, can be calculated from (3).

B. FUZZY LOGIC SYSTEM

An FLS is composed of three parts: 1) the fuzzifier; 2) the
fuzzy inference engine for processing fuzzy rules; and 3) the
defuzzifier [33]-[35].

Consider / fuzzy IF-THEN rules R®, s=1,...,1, where
R® represents the sth rule. The fuzzifier maps the input point
x; in the input space U C R" to a fuzzy set A} in the input
space, and x = [x1, x2, .. .,x,,]T € U is the input vector of
the fuzzy system. Membership functions of linguistic variable
xifori =1, ..., nareused to represent fuzzy sets. The fuzzy
inference engine implements a mapping from fuzzy sets in the
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input space to fuzzy sets in the output space V. C R™ based
on fuzzy rules, and y = [y, y2, ... ,ym]T € V is the output
vector of the fuzzy system. Finally, the defuzzifier maps fuzzy
sets in the output space V into a crisp output value. The fuzzy
logic system is

l
> (I ) %)
s=1 .
V== s =1 m, “)
% (I )
S=

where ju4s = exp[— (x; — ¢j) /o ]. For the sake of clarity,
the fuzzy basis function vector and weight vector are defined

as¢ (x,c,0) = [p1,pa2,....pil" and ¢; = [y}y,zy/l] )
I
respectively, where p, = (H,’;l was /3 (T uAA:)),
s=1

o:[olT,G2T,...,GnT]Tandc=[clT,cg,..., n] . Hence,
(4) can be described as
Y =6 x.co0). 5)

FLS can approximate any given continuous function f; (x),
j = 1,2,...,m, to arbitrary accuracy on a compact set 2.
Hence, for any constant §; > 0, there is a 9].*T¢ (x) in the FLS
that makes

T
suplfy (1) = 6,7 )] = 8
xeQ

where 6* is an actual weight vector, ¢; is the approximation
error, Wthh on page satisfies max ||5/ || <.

C. PRELIMINARIES
Lemma 1 [36]: For any real numbers A; > 0, Ay > 0,
0 < B < 1, then the finite-time stable exten-
sion Lyapunov condition can be expressed as: V(x) <
—MV(x) = VA (x), The convergence time by 7, < 9 +
[1/21(1 = B)1In [(A1 VP (t9) + A2)/A2] to estimate.
Lemr;zaZ[SZ] Forx,ERi_IZ pn,0<p§1,
then ( 3 |xi| ) < Z|x|p<n1 P(ch,) )

1 =1
Lemlma 3[38]: For real variables x ;md v, and given positive

constants by, by, b3, the following relation holds:
by _’Ll

by by < by bi+by R

WP = g, b BRI A

Lemma 4 ( [39], [40]):
described as follows:

b3ly|?1 72 (6)

The Levant differentiator is

@1 =11
11 = —RjAsign (91 — @) + @2, @)
%2 = —Rasign (g2 — t1)

where A = diag <|§011 - Olrl|%, vy lom — oz,nl%). o is the
input signal of the differentiator, ¢; = x; . and g2 = X1,
are the output signals of the differentiator. Select properly
parameters R and R», the following equations are true when
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there are no input noises after a transient process of the finite-
time.
@1 = @0, L] = &0,

and the differentiator’s solutions have finite-time stability.

When the differentiator’s input signal is given to be unaf-
fected by noise, that is « = op. Consider the input noise
satisfying the inequation |« — ag| < «. Thence, the following
inequations completely dependent on differentiator parame-
ters Ry and R, hold in finite time:

lo1 — ool < ik = @y
[ty — a0l < C1k6 = @2,

where 9 and ¢; are normal numbers determined by the first-
order Levant differentiator design parameters. @; and @, are
normal numbers.

lll. CONTROL DESIGN
According to the principle of backstepping method, the error
variables are defined as follows:

21 = X1 —Xp, 22 =X — Xc, (®)
where x; . is the first-order Levant differentiator’s output
signal when virtual control law « is the input signal. The error
compensation signals are defined as §; = z; — v;, i = 1,2
with &; (0) = 0. The specific structure of virtual control law
and the error compensation signals are given in the following
design.

Stepl: Selecting a Lyapunov function as

1
Vi = —v Ly, 9
1=V 9

Differentiating V| with respect to time yields
Vi=vin=v (41— &)=y (u—% —&). (10)

Designing virtual control law « and compensation signal
&1 as follows:

« = —Kizi + % — Sph (11)
£ = —KiE + & + (x1c—a) — hisign (&), (12)

where the gain matrix K; = KT >0, 8 =57 >0,

the parameter 0 < 8 < 1, h; > 0.
Substituting equations (11) and (12) into equation (10)
yields

V] = —V{Klvl + V{Vz — V{S] v‘f* + h]V{Sign (& . (13)
Step2: Then, selecting the Lyapunov function as
1 7
Va=Vi+5va Dvy, (14)
and taking its time derivative yields
S S
Vo =Vi+v2 Dvy + 5\12 Dvy

7r{tT—T.—G—Cx T
=V . . —V KV
2 <+V1—D(xlc+§z)> PR

1
-V Slvl*—i—h]vl 51gn(§1)+—vz Dvy.  (15)
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Since there are uncertainties in D, C and G, FLSs are
used to approximate the uncertainties in D, C, and G. The
fuzzy-approximation-based adaptive impedance control will
be designed to approach the uncertain dynamics of the robotic
manipulator and to adjust the interaction between human and
manipulator.

Designing the control law t as

T = —Kytp + T + 0 dp (Zp) X1.c + 0 e (Zo) x1.c
+05:06 (Z6) — i — K,sign (), (16)

where the gain matrix K2 = KT >08 = 5T >0,

K, = diag[k,;] > 0. OD, Gc and 0(; are the estimate welght

matrices, 9;5, 6¢ and 6; are the actual weight matrices, Op =
Op— 05, 0c = QC 08 and 0 = 00 6¢; are the weight error

-5 Vg*

matrices, Zp = [xlT,xzr,xlT’C,xlT’c] Ze = [x] . x] ,xl,CT]T
and Zg =[x, xJ ] are FLS inputs, respectively.

The updating laws are designed as
6ok = ~Tox (opibpk + b0k Zp) 1. cvm) . (1)
Ock = =Tk (UCkéCk + ¢ck (ZC)X1,CV2k) . (18)
Ok = —Tgk (UGkéGk + ocr (Zg) V2k> , (19)

where I'pr > 0, 'y > 0, 'gr > 0, and opy, ocr, oGr are
positive constants for improving the robustness. ég ép (Zp)
is an estimation matrix of 6*T¢D (ZD) ég ¢c (Z¢) is an esti-
mation matrix of 9*T¢c (Z¢) and oL PG (Zc) is an estimation
matrix of 0*T¢G Zo).

» ¢ (Zp) = D + e, (20)
& pc (Zc) = C +ec, 1)
05" 6 (Z6) = G + ec. (22)
where ¢p, €c, and ¢ are small approximation errors.
For the convenience of derivation, choosing & = 0.

Substituting the control law (16) and equations (20)-(22) into
(15) and Property 2 is used, there is

Vz = —vlTK1v1 — V{S] V{}* — ngzvz — ngZVg*
+v2" 0L ¢ (Zp) 31, +v2 Ol pc (Zc) x1 e
+v2" 0k b6 (Z6) + 2" (Er — K sign (v2))
+hyv]sign (&), (23)

where E, = epXi,c + ecXx1.c + €6, Eni, i = 1,...,nis ith

element of a vector, there has E, = [E,1, ..., Ex].

IV. STABILITY ANALYSIS
For the stability analysis, the Lyapunov function is selected
as

1 sr
V=V2+§’;9Dkl* 90k+ ZeCkFCkQCk
4= ZeGkr Oor. (24)
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Substituting (17)-(19) and (23) into the time derivative of
(24) yields
V= —vlTKlvl —vlTSlv/f*— —ngzvg*
+v2" 05 bp (Zp) k1.0 + va" 0l b (Ze) x1.c
+n"05¢6 (Z6) + 2" (E, — Kisign (v2))

v;szZ

n n
- Z OBk (Zp) X1, cVok — Z opi0D, Ok

k=1 k=1
n n
= &bk Zeyxievu — Y oablber
k=1 k=1
n n
=05tk Z) vk — Y ocfior
k=1 k=1
+hivisign (§1) , (25)
nothing that

n

v 0h¢p (Zp)%1.c =Y Ohidok (Zp) d1.cvak,  (26)
k=1

n
w0t pe Ze)xie =Y 05 b (Zo) xiovm.  (27)
k=1

= Z bk (ZG) vax. (28)

k=1

vaT 0L ¢c (Zo)

Based on Young’s inequality, there holds

o A 1 ap ~ 1
—95,(90/{ < —EngeDk + Eegiegk’ (29)

N 1~ ~ 1
—ngQCk < —59&9& + 595{9&’ (30)

N 1 ap ~ 1
~06xf0r < —506 00k + 566006 3D

T . h 7 nhy
hyvysign (§1) < — 1 vi+ — (32)

2 2
Substituting (26)-(32) into (25) with K > ||E,:| yields

h
1% <-v <K1 — ?l) v — vlTSlv’]g* —ngzvz

I~ 712
EZUDngkGDk

) 52"2* -
k=1
1 o 1<
—3 > ockbifer — 5 > o6k 06x
k=1 k=1
1 ¢ *T n* 1 ¢ T n%*
+§ Z opkOpi Opi + 3 Z ockOck Ock
k=1 k=1
1< r nh
+5 > oGk 06 + - (33)
k=1
noooar e\
Applying Lemma 3 to the terms (Z w> ,
- Mk=1

n T 5.\ 2 n 5T 5 2
ockOcy Ock oGk 96k .
<Z —— > , (Z — = ) with y = 1, and

k=1 k=1
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by = @ by =1-— @, by = (#) " | there holds

5 ooufu e ar.a IS~ 15
4k=l

)
N

O'Cke 9Ck 1 <& JUSE
( v ) < 12 0cf ek +bibs, - (35)
k=1

m

06k 96k T 1< o~
<Z+) < 12 0abi bk +bibs.  (36)

k=1 k=1
. T
According to Lemma 2 and v; = [vj,l, Vi, e, vj,,,] ,
there holds

T
B g
vj,,,] [vj’l,vj’z, Vi
+1 +1 %
=T >(vavj) NEY)

T B _T,,. .
Vi Vi = [vj,l,vj,g,...,

Substituting (34)-(37) into (33) yields

h
1% < -1 <K1 — é) vy — vlTSlvf* — ngzvz

1 U
—ngzvzﬁ* 7 ZUDkengDk
k=1
1 & 1 &
—r _—
~1 kz_:l ockOciOcr — 1 kz_:l 0GkOGr 06Kk
n 5T J @ n
O—DkeDkeDk l T
(3 ) " Sy ot
k=1 k=1
n AT & % n
ockOc,Ock 1 T
k=1 k=1
n ST 5 @ n
UGkGGkGGk 1 T
- (Z Sl B DI L
k=1 k=1
nhy
+T +3b1b3
B+1
< —aV —bV'T 4o (38)

WhereKl—%l>0,%§ﬁ%§l

. ODk
a = min { Apin QK1 —h1), mm N
’’’’’ 2 (rgk)
Amin (2K2) i oCk OGk
b (D) = 2 (TGL) 2hmar (TG

VOLUME 9, 2021

Amin (Sl) *

B+1

b = min

2 2
(kmax D) )

(40)
| l
T T
c=3 > ookbihy Oy + 5 > okt 08
k=1 k=1
I « T nhy
+5 > oGk 0 + 3bibs + - 1)

k=1
Rewrite (41) as follows
. C C B+1
V5—<a—ﬁ)V—<b—F>v T4

From (42), selecting parameters can obtain a > 55

2V

b > —pr. By Lemma 1, v;(j =1, 2) will be within
the f1n12t‘£: tzlme T converge to the domain ||vj H <
max {Jd_a, (c/Zb) AT }

Remark 1: Control parameters determine the radius of

the tracking error domain, that is, the smaller radius of the
tracking error domain can be ensured by the larger parameters
Amax (Ki) and Amax (S;).

Remark 2: In the control law, the K, is chosen as
K,ii > ||E,i||. For stability, K, is chosen to be properly large.
This is not very ideal due to the introduction of the chatter-
ing. Therefore, the control parameter K, can be changed as
K, = kpxi,c + kcx,c+kg, where kp > llepll, kc = llecll,
ke = llegll.

Theorem 1: Consider manipulator dynamics (1) with
Property 1, 2 and impedance dynamics (3). If the finite-
time command filter and the error compensation mech-
anism are chosen as (7), (12), and the adaptive FLS
control law (16) with updating laws (17)-(19) are cho-
sen, the tracking error z; converges to a small enough

region with the radius max {«/ cla, \/W }
ax{m, \/W} in finite time 7 > max {T, T>}.

The proof of Theorem 1 is given in the Appendix.

Remark 3: 1In the proof of Theorem 1, the result
|x1,c — a| < wj from Lemma 4 will be used. Note that if
the « of the finte-time command filter (7) is not influenced
by the noise, there has wi = 0. Therefore, the conclusion of
Theorem 1 can be obtained when the noise is bounded.

Remark 4: Note that the manipulator is a highly nonlinear
system. The finite-time convergence speed in the nonlinear
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External environment

A4 \

<

o

RY Adaptive fuzzy finite-time
d Impedance 'xr - P v " T
command filtered
control .
+ impedance controller

T )

FIGURE 1. Block diagram of control system.

Robotic
manipulator

Y

_I'e<-|><

S

sl+op,I,,
vy | 1 Oy

sl+o,T,

— 4, [JMUXH
¢Gk SI + U(Tkr(}k
: o

xl,c
xl fe

FLS zz:

FIGURE 2. Block diagram of the proposed method for manipulators.

system cannot be guaranteed by the traditional PID control.
When the nonlinear system contains unknown dynamics,
the excellent tracking performance cannot be guaranteed by
the PID control. Although the excellent robustness and fast
convergence capability of the unknown manipulator system
can be guaranteed by the sliding mode control, the slid-
ing mode control can only deal with the matched unknown
dynamics, and the control effect cannot be ensured when the
nonlinear system contains the unmatched unknown dynam-
ics. When the robot system contains an unmatched unknown
dynamics, the AFFTCFIC can ensure that the control error
variable z; converges to a small enough domain of the origin
in finite time, and that all signals in the robot system can be
kept in the appropriate region in finite time.

V. SIMULATION RESULT

In this section, a 2-degrees of freedom (2-DOF) robotic
manipulator on a vertical plane, which is shown in Fig.3,
is considered, simulations of pHRIs verify the validity of
the proposed method and the robotic manipulator system of

50922

Environment

>X

FIGURE 3. A planar 2-DOF manipulator.

two rotary degrees of freedom is defined by (2), it can be
described as follows:

)'q:xz
=D'[t -1, —Cx—G],
y=xi
T .. T
and x; = [x11,x12]" and xp = [x11,%12]", x11 and x12

represent respectively the position of the axis X and Y on the
end-effector of the manipulator in the Cartesian coordinates.
fe = |t.|l denotes the external force on the end-effector.
q = lq1, qz]T represents the each joint angle position. m;
and /; are respectively the mass and length of link i, [ ; is
the distance from joint i — 1 of the robotic manipulator to
the centroid of the link 7, /; is the moment of inertia of link i
through the centroid of link i, (i = 1, 2) based on the axis of
the page.

The inertia matrix of 2-DOF manipulator D,., Centripetal
and Coriolis matrix C,, gravity force vector G, are given as
follows:

mil% 4+ mal? + 1% + 2Ll cosqy + 1) + I

D, = )
my (lC2 + 11l cos qz) + 1
my (lcz2 + 111 cos qz) + I
mzlczz + I
c. — | —mhlegsing  —mhla (g1 +g2)singy
= e
malle2gy sing 0

G. — (m1leo + maly) gcosqr + maleog cos (g1 + q2)
* maleag cos (q1 + q2)

The Jacobian matrix of 2-DOF robotic manipulator is
shown as follows:

- [— (h sing1 + b sin (g1 + ¢2))

—lsin (g1 + ¢2)
l1 cosqy + I cos (g1 + q2)

I cos (q1 + q2)

Some formulas for robotic system are D = J Tp,J -1
C=JT(C,—DJ7 1) ' and G=J"TG,.

The parameters of the 2-DOF manipulator are shown as
the length of link 1 and link 2 are 1.00m, the mass of link 1
and link 2 are 1.00kg, the moment of inertia of link 1 and
link 2 are 0.25kg - m?. The initial parameters of the robotic
manipulator are x;; (0) = 0.4,x12(0) = 1m, x; (0) =
200 = 0,1 0) = 7, 200 = —7%, the desired
trajectory of the 2-DOF robotic manipulator is shown as
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Time [sec]
1 T T
L= e 1, (AFIC) |
. 08 - T11d N
B 0.6 - = =Tue |
& 0.4 ', L L L L L L L L L
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FIGURE 4. The tracking curves under three schemes.

xg =[0.7 —0.2cos (¢), 0.7 + 0.2sin (r)]”, where ¢ € [0, 10].

The manipulator end-effector moves along the solid wall
when it makes touch with the wall, and the obstacle wall is
located as x, = 0.8m.

The target impedance of the 2-DOF robotic manipulator
is selected as My = diag[1.0, 1.0], By = diag[15.0, 15.0],
K4 = diag [60.0, 60.0].

The updating law parameters are I'py = I'cx = 'k =
diag [20, 20], opx = opx = opx = diag[0.01, 0.01].

In this part, the PD control method, the adaptive fuzzy
impedance control (AFIC) method in [17] and the proposed
AFFTCFIC method in this paper are compared. The robotic
manipulator system control parameters are chosen as follows:

A). For PD method of the 2-DOF robotic manipulator,
the control law is given as T = —Kjz; — K>z and control
parameters are chosen as K; = diag[800, 800], K» =
diag [200, 200];

B). For AFIC method of the 2-DOF robotic manipulator
in [17], control parameters are given as K; = diag |6, 6],
K> = diag[8, 8];

C). For AFFTCFIC method of the 2-DOF robotic manip-
ulator, control the control parameters are given as K; =
diag[6,6], K, = diag[8,8], S1 = diag[2,2], $» =
diag[2,2],y =0.6,h; = 1,R; =20, R, = 0.6.
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FIGURE 7. The control input curves under three schemes.

The simulation results are described in Figs.4-8. Among
them, Fig.4(a) and Fig.4(b) show the position tracking curves
of the manipulator end-effector on the X-axis and Y-axis
under three schemes. Fig.5 shows the position tracking error
curves of the manipulator end-effector on the X-axis and
Y-axis under three schemes. Indicated from Fig.4 to Fig.5,
it can be seen that the tracking performances are better under
the proposed control method whether the manipulator contact
with the wall or not, and the proposed AFFTCFIC scheme
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FIGURE 8. The curves of « and x; . under the proposed algorithm.

has better control accuracy and faster convergence speed than
the AFIC algorithm in [17] and PD algorithm. Figs.6 shows
contact forces from the wall on X-axis. When the manip-
ulator contacts with the solid wall, it can be seen that the
desired impedance model can be obtained more smoothly
and quickly under the AFFTCFIC method and PD control
has a relatively large collision force in Fig.6. Fig.7 shows
the control inputs are in proper bounds, but the PD control
input is relatively large, which is not conducive to practical
application. Fig.8 shows that the filtered signal x; . has an
excellent tracking approximation to the virtual signal «.

VI. CONCLUSION

In this paper, the adaptive fuzzy impedance controller that
combines the finite-time control and the CFC technique
has been proposed to improve the security and compli-
ance of pHRI. The manipulator tracking quality has been
improved by the finite-time control technique. Simultane-
ously, the combination of the CFC technique and the back-
stepping can solve the “computational complexity” issue in
the backstepping controller design. Through the Lyapunov
stability analysis and simulations, the validity of the proposed
method is proven. Our future research is to design a novel
finite-time state constraint control scheme of robotic manipu-
lators, which can ensure that the manipulator moves in a finite
space and achieves the desired performance in finite time.

APPENDIX
Proof of the Theorem 1
Proof: Now the following Lyapunov function is selected.

_ 1 T
V= 551 &1 43)
The differential of (43), with respect to time, is

V= —&lKigy + & (v1.c — ) — gl sign &) . (44)

Based on Lemma 2 and Young’s inequality, there holds

mélsign €)= (6 61)°, (45)
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letd = (x1,c — @), there holds

1 1
§ld <586+ d"d. (46)
According to Lemma 4, there is |x1,c — a| < wj in finite

time 75, and substituting (45) and (46) into (44). For t > T>,
there holds

= 1 ;1
V=g <K1 - 51) s —hi(6) + 50

< —agV — boV? + co, 47)

IA

where K| — %I > 0,
1 2 1—2
ag = 2 * Amin K]-il ,bo:hl*Z,COZEWl.

Rewrite (47) as follows

V< < <« ) v <b © ) Vi, 48
- a - = - - .
= 0 v 0 2‘_/%

From (48), selecting parameters can obtain ap — 2”—‘0-/ > 0,
bop — % > 0. By Lemma 1, & can converge to the domain

2V2
IE] < max{ Jco/a ,,/2(c0/2bo)2} in finite-time T.

Since z1 = vi + &, when T > max {Ty, T}, there can
2
obtain [|z1 || < [[vi]l+ lI&1 ]| < max {Jc/a, 2(c/2b) 71 } +

max {1 /co/a , ,/2(00/21)0)2 } The proof is completed. W
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