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Fuzzy Observer-based Command Filtered Adaptive
Control of Flexible Joint Robots with Time-varying
Output Constraints

Junhao Su, Hak-Keung Lam, Fellow, IEEE, Jiapeng Liu, Jinpeng Yu , Senior Member, IEEE

Abstract—Flexible joint robots (FJR) systems are used in
many aspects of actual production due to its high compliance,
low energy consumption, human-computer interaction safety and
other characteristics. A fuzzy observer-based command filtered
adaptive control method is applied to make FJR systems with
time-varying output constraints (TVOC) and model uncertainties
operate safely in a complex environment in this paper. Chiefly, a
fuzzy observer is developed to estimate the link’s angle velocity
and motor angle velocity of the FJR. Next, by combining time-
varying barrier Lyapunov function (TVBLF) with fuzzy logic
systems, the uncertainties of the FJR model are approximated
without violating the TVOC. Besides, the command filtered
method with error compensation signal resolves the issue of
“explosion of complexity” and removes the impacts of filtering
errors. The stability of the FJR system is verified by Lyapunov
stability theory. Simulation shows that the devised approach
can insure the TVOC, the validity of the observer and position
tracking accuracy of the system.

Index Terms—Fuzzy observer, Adaptive control, Flexible-joint
robot, Time-varying output constraint, Command filtered.

I. INTRODUCTION

LEXIBLE-joint robots (FJR) are widely used in medical
and health, aerospace, education industry, life services
and so on, on account of its light weight, high compliance,
low energy consumption, human-computer interaction safety
and other characteristics [1]. At the same time, the FIR system
is a high-order nonlinear system with strong coupling, which
limits the control performance. Therefore, the control design
problems for FJR is of essential importance, and becoming
a research hot spot. There are a number of studies on the
tracking control of FJR systems, such as singular perturbation
method [2], sliding mode control [3]-[4], variable structure
control [5], feedback linearization method [6], backstepping
control [7]-[9] and so on.
The combination of adaptive backstepping control and fuzzy
approximation theory is used in the tracking control of FJR
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extensively. However, the traditional backstepping method
used in [7]-[9] has the problem of “explosion of complexity
(EOC)”, which increases the computation burden and leads
to limitations in the application of the backstepping control
of FJR. To solve EOC, the dynamic surface control (DSC)
method [10], [15] has been presented, but the filtering errors in
the DSC will affect the tracking performance. The command
filtered control (CFC) method with the error compensation
mechanism (ECM) has been presented in [11]-[13] to remove
the impacts of filtering errors. Combined with adaptive control,
a new CFC method has been expanded into nonlinear multi-
agent systems by Zhao et al. [11]. Considering the tracking
control of the FJR, CFC method has been introduced in [12]-
[13]. However, the above results did not consider the complex
and changeable work environment of FJR.

The working environment of FJR is usually complicated and
volatile, which may cause safety risks to the robot itself, and
even personal. As a result, the FIR system’s TVOC must be
ensured. The TVBLF has been used to fulfill the output con-
straints [14]. [15] designed an output-feedback-based prede-
fined time full-state error constrained controller. The combine
of a tangent barrier Lyapunov-Krasovskii function and DSC
has been used in [19]. In addition, it is arduous to obtain the
velocity terms of FJR. Observer technique [15]-[16] solves
the problem and has been applied to FJRs [16]. Considering
the factors of highly nonlinear and the velocity terms that
is difficult to measure in FRJ system with complex work
environment, the fuzzy observer-based CFC with TVOC in
FIR system is worth discussing.

A fuzzy observer-based CFC for FIR with TVOC is studied.
The proposed scheme has the following advantages.

(1) Compared with [12], [13], [17], the combine of TVBLF
and Lyapunov stability theory are used for the n-link FJR
system to make it suitable for complex working environments
and ensure the boundness of all signals, which . In [12]-[13],
the problem of output constraints has not been considered. In
[17], the time-varying nature of the constraints has not been
taken into account.

(2) Compared with [7]-[10], the CFC method with ECM is
used to solve the problem of EOC caused by backstepping as
well as remove the effect of filtering errors to obtain better
tracking effect of the n-link FJR system.

(3) Fuzzy state observer technique is used to solve the
problem that the velocity terms of n-link FJR are difficult
to measure, which can improve the reliability.



II. MATHEMATICAL MODEL AND PRELIMINARIES

A. FJR system description
Considering the following dynamic model of n-link FJR:

M(q)G+C(q,q)q+ G(q) + F(q) + Kq= Kqn
JQm+BQm+K(Qm_q)_u (1)
Yy=4q
where the definitions and values of ¢, ¢, ¢m, Gm. M(q) €
R™", C(q,q) € R*™™, Glg) € R*, F(¢) € R*, K €
R J e R**™, B € R*™™ and u € R" can be found
in [13]. Suppose that B contains uncertainty.

Let 61 = ¢ = [61,1,51,25 -+, S1,n) L s S2 = ¢ = [$2,1, 52,2,
"'7§2,7L]T7 3 = (qdm = [§3,1a§3,27 "'7§3,71]T7 4 = Qm =
[$4.1,64.2y -y Sa.n) T, (1) is rewritten as

S1 =

S = hagz + fo

3= 2

S4 = hgu+ f4

Y=«
where ho = KM ~Y(s1), ha =J7, fo= M Ys1)
(—C(s1,2)s2 — G(s1) — K61 — F(2)), fa = J Y K(s1 —
G3) — Bss)

Remark 1. The FJR system is a 4-order nonlinear system
with uncertain terms, which brings some difficulties when
controlling it, meanwhile, measuring the velocity terms of an
operating FIJR system, dealing with the uncertainties and the
problem of TVOC without affecting the tracking effect brings
challenges when designing the controller.

B. Preliminaries

Assumption 1. The uncertain term F'(¢) is continuous and
bounded.

Assumption 2. The desired trajectory ¥4 ; and its first deriva-
tive §4,; are continuous and bounded with |yq ;| < Yo<k.,,
|9a.i| < Y1, where Yy and Y7 are positive constants.

Assumption 3. [15] Based on Lipschitz conditions, for a
functions f;(¥) and constants m; > 0,i = 1,2....n, the
£(S) - fi(§)‘ < my||S — §|, where & is
the estimated value of S, and || - || denotes the 2-norm.

Lemma 1. [11] The command filter is defined as follows:

Ril = Wpki2 3)
Rio = —2Cwnkio — wn (ki1 — )

inequality holds

where «; is the input of the filter and k,;1(0) =
ai(0)7l€i}2(0) =0,ifwg >0, wg >0 satisfy ‘Oéz| < w
and |&;| < w9 for all ¢ > 0, then for any ¢ > 0, existing
wy, >0 and ¢ € (0,1], so that |k; — ;| < o, || and |K;| are
bounded.

Lemma 2. [14] Defining a continuous function f(®) on the
set g, for V>0, it always has a fuzzy logic system W71'S(®)
such that

f(®) =wWTs(®) +

where o(®) is the approximation error and |o(®)| < e.

o(®) )

III. DESIGN OF THE FUZZY OBSERVER

In order to obtain the link’s angle velocity and motor angle
velocity of the running FJR, the fuzzy observer is designed as
follows:

S=&+di(y—1)

sz = hags + F(&ld2) + da(y — 9)
<3 =<4+ d3(s3 — C3) )]
¢y = hau+ f(&]04) + da(sz — S3)
J=<
where ¢ = [¢,$,83,&4]T is the estimate of ¢, then, the

observer is rewritten as

j=C¢
where A = [-d; —d, 00; 1000, 00 —ds —

d:l; 001 0}7 D = [CZDC?QaO?AO]TaFA: [OZ h27d3ag4]T>H =
[070707h4]T75 = [Ovf(€2|7‘92)707f(€4‘?94)],r7 and C -
[1,0,0,0].

Define f;(Sil07) = 07 0i(So), fi@ildi) = 0T i(S),
where i = 2,4, §; = [1,S2, ..., 6] T, Ui = 07 — 0y, U] is the
optimal parameter, &; = f;(S;) — fi(Si[9;), where |55 < o9,
and o is a positive constant. Define e = [e1, e, e3,e4]7 as
observer error vector, ¢; = ¢; — <j,j = 1,2,3,4. The error
expression of the observer is as follows:

¢=Ae+Z+5 )

WhGAI'C E [ fg(fl) A AfQ(%Q)v AO7 f4(§z) -
f250))7, [0, f2(G2) = fo(G2ld2), 0, fa(Ca)— F2(CalPa)]T.
Based on Assumption 3, |fi(Si)— fi(Si)] <
mi |G =% = millell, = 24). And & =
[0,52,0,54]7,(5)2 < 203. A is a standard Hurwitz

matrix by choosmg the right dy,ds,ds and d4. Given a
matrix Q7 = Q > 0, there exists P” = P > 0 such that
ATP 4+ PA=-Q.

Choosing the Lyapunov function V = T Pe, and then

Vo =¢é¢TPe+eTPe = —el'Qe + 2eTP(E +a) (8
Using Young’s inequality,

1
2T PE < ndlle|® + 2 — (m3+m3) [P lel® )

2" Ps < n2e|* + %HPH%?) (10)

where 1)y is a positive constant. Let Py = /\mm(Q) —2m¢ —

% (m% —&—m?l) HPH2 > 0, where )\mm(Q) is the minimum

eigenvalue of Q,then
Vo < —Pollel® + Ro (11)

where Ry = 3||P|*o3



IV. CONTROLLER DESIGN AND STABILITY ANALYSIS

The following error variables are defined as: z; = ¢ —
Yd, 2v = So — Sy—1,cy V = 273a4a ;= zZj _fj? j =
2,3,4, where Sv—1l,c = [gv—l,c,lagv—l,c,%---agv—l,c,n]T 18
the output of the filter. £; is the error compensation signal,

Hj = [%j,la%j,% "'a%j,n]T7 gj = [Ej,lagj,% "'7£j,n]T' Then’
choosing the control laws and the adaptive laws as
. 1
ay = —kiz +yd_§751+51, (12)
=(h2) ™ (—kaz — 1252 — 97 pa(&)
- 2 (13)
+ g.l,c - d2€1 - 8))
1 .
a3 = —k3zz — 5%t <e — haza, (14)
u =(hg) " (—kazg — 23 — 12’4 - 1§4T<P4(f4)
- 2 (15)
+ §.3,c - d463)7
1§2 = —n21§2 —+ )\Q%QQD(CAQ), (16)
194 = 7714&4 + )\4%¢(§A4) (17)
kL Lk > *1n
where 51 = k{liki—vff,-,ul vy, 0= [k2 i’iff PERRTY>: i%fn]T

Ai(t = 2,4), ni(i = 2,4), k1, ko, kg and ky are de51gned as
positive constants.
Error compensation signals are designed as

b= k&1 + & 46— a1 — &,

o = —kaly — &1 + ha(&s + a0 — a2) — 362,

: (18)
§3 = —ks&s + &+ 30— a3 — hals — 183,
ba = —ksés — & — &4
Step 1: Cgloosing a TVBLF as V; =V +
n k2, (t .
ZZ 1 21097k2 (t;’;(%% XL where k, = [kb,lvkb727~-~7kb,n]T is
the constraints of s, | ;(t)|<kpi(t), it follows that
V V + 55 (Uit A 1,c,t
1=V Zkg — ,z( 2, + &2, + 71 e, (19)
+eai—Sai—&1i —Sh)
Exploring the Young’s inequality gives
sley < 2%1 1 + f|| H (20)
By combining (12), (18)-(20), one has
1 1,%2 i
V1<V0—Zklz Zk = fll I”.
2D

Remark 2. Choosing log-type TVBLF in Step 1, the log-
arithmic function term has been eliminated when deducing
this step, it is easier to combine with the ordinary Lyapunov
function in Steps 2-4 to facilitate the following stability
analysis.

Step 2: Choosmg the Lyapunov function (LF) as V5 = Vi +
2%2 »o + 2/\ 192 192, where Ay > 0, 192 192 — 19, 192 is the
estimate of 192, then, it obtalns

Vo <V — Z kl,i(k

Z H1,i2,4
k2

= b %1 N
+ 323 (hass + 192 <p(§2) + d2€1 —Sl,e— )
1 - . A ~ . 1
+ )\*21950\2%2%(@) — ) — 50205 p(S2) + §H€||2~
(22)
Using Young’s inequality, we have
_ 1 1 e~
—%2195@(62) < 5%5%2 + 519;192. (23)

Putting (13), (16), (18) and (23) into (22), the following
inequalities hold:

n 2
.. 72,
Vo <V — Z ku(ﬁ) — gy 39 + hoss 2
= Kb oA (24)
1
+ Az o+ o ell”
where A; = 12970, + L979;, (j = 2,4).

Step 3: Selectlng the LF as Va3 = Vo + %3 3, then, it
obtains

V?,—Vz+%3T(' —Gae = &3)
%’L
<V0—Zk“ _1 ) —

l,i

T T
k2%2 s + 3 (h2%2

) : 1
o+t Getes—Soe—E3)+ Ay + *HeHQ-

2
(25)
Using Young’s inequality, it obtains
5 €4 < 2%3 73+ *II I (26)
Then, substituting (14), (18) and (26) into (25) results in
n 2
. . i T T
‘/3 SVO - kl,z ) - IfQ% o — k3% M3
; kz% i 1,i 2 3 27

+ 3l o + Ay + ||e||2 }

Step 4: Selecting the LF as Vi = V3 + 3] 54 + iﬁf&,
where Ay > 0, Oy = 194 — Uy, 194 is the estimate of 94, then

Vi =Va + s (&4 — — &)

2 3
71 T 2
<‘/O — Zkl i ﬁ) — Zkz%l »; +A2 + ||€||
i=1 )t =2
+ 32 (hau + 523 + D (Ss) + daes — Ss.0 — &)
— 2405 p(Sa) + )\*194 (Aaseap(a) — 0a).
(28)
Exploring the Young’s inequality gives
- . 1 1~ ~
—%419{@(@1) < 5%{%4 + 519;1;194 29)

Then, substituting (15), (17), (18) and (29) into (28), we have

2
W

Vi <V — Zk‘u(

i=1

4
2
k2.7%24 —Zki%iT%i—i‘Ag"i‘Azl"f' He|| .
b,l 1,7, =2
(30)



Remark 3. The fuzzy observer used in this paper can be
applied together with the controller, and the adaptive law
designed can be applied together in the two parts to better
deal with the uncertainties in the system, while the high-gain
observer [20], the finite-time observer [21] are independent of
the controller.

Theorem 1. Based on Assumption 1, the system (1), com-
mand filter (3), control law (12)-(17) and compensation signal
(18) are taken into account. If |y ;(0)|<kc,(0), then

(1) »;,; is bounded and z;; can converge to a small
neighborhood close to the origin by choosing the parameters
appropriately.

(2) All signals are bounded in the FJR system .

— Sle,is then [y < 4/ = 2y 312 +S1,e, + le|. Similarly,

|<3 7,‘ < \/ + 2’60 +<2cza |§4 z| < \ T 2b + kai +?3,c,i + |€|
In summary, we can get that all Varlables of the FJR are
bound and Theorem 1 can be demonstrated.

V. SIMULATION

To show the advantages of the presented method, simulation
analysis is verified by MATLAB/Simulink on a 2-link FJR
system whose matrices and parameters in model (1) are
given below: M(q) = [Mll M12; M21 Mgg] ( )
[011 012; 021 O], G(q) = [Gl, GQ] J = d’LCLg[l 1] K
diag(2, 2].

(3) The output variables are constrained in the presupposed  where M;; = I} + myL? + mal? + I + mol?, +
space: <1 ;(t)<kci(t). 2maly Lea(cos(s12)), Mia = May = Ip + mol?, +
Stability analysis : Letting V' = Vy, from (30), we can get  myly Leo(cos(si2)), Moo = I + mol?, Cpp =

n 2 —maly Lea(sin(612))s22, Cr2 = —mali Lea(sin(s12))(s21 +
g y 1,7
V<V - Z k“(lﬁi Z kisl st + Do+ Ag + |le][322), Co1 = —maliLea(sin(q2))s21, Gi = —(m1 +
i=1 bi %1# i=2 ma)gli(sin(c11)), G2 = —magla(sin(c2)).
(1) TABLE I: Parameters of the two-link FJR
It follows from Young’s inequality that
e~ n Contents Description Values Unit
3 19T192 < - e 195192 + fﬁgﬁz (32) I Length of link 1 0.4 m
2 A2 2 I2 Length of link 2 0.4 m
ng g —_ na g Lo Centroid distance about link 1 0.2 m
L9h9, < — 19 9 =9t 9, Lo Centroid distance about link 2 0.2 m
g 474 = 2)\ 4t 24 474 (33) m1 Mass about link 1 1.2 kg
ma Mass about link 2 1 kg
y [18], when [5¢1 ;| < ks, I Inertia of link 1 0.048 kg-m?
52 9 I Inertia of link 2 0.04 kg-m?
log b,i 1 (34) g Acceleration of gravity 9.8 m/s?
kl%,i - k§1 - %ii
then, The system parameters are given in TABLE 1. The de-
V<—aV+b (35) sired trajectories yq = [0.5sin(2t);0.4sin(2t) + 0.2sin(t)],
B Foii the initial state are ¢;(0) = <3(0) = $(0) = (0) =
where a = mln{2k172k2;2k372k47)\ S22 0,007, @(0) = &(0) = [1,1]7, «(0) = [0.8,1.2]7, &(0) =
), 22 (75 — DY b= 192T192 + 7 194T194 + Ry. For [1.2,0.8]T, the uncertainties are defined as F(q) =

a>0,b>0, the selection of cogtrol parameters should satisfy
Muin (@) =3 (3 +2) [[P|* > 0, 35— > 0, 2 1
0.

Multiply both sides of equation (35) by €% and integrate:

= (36)

then, (36) becomes |31 ;| < kp; e—2V(0)—2

2 sl < /2, |l < \/%’ since zji = 34 +£j’i

and according to literature [16],tlim lI1€: ]| %,

ko = 1min;(k;), thenz“ < kbler o

Based on (34), log w2 _f »— is bounded. Furthermore, s ; =
21, — §1“%11<k:b1, oneq can get that |zq,;| < [s1,] +
|61 < ki + |€1,]- Based on z1; = ¢1; — Y4 and
|yd1| YO,§11‘<kblz+|§11| +Y = kclz’ SO C1,¢,i is
bounded Supposing ¢; . ; satisfies |<1,c,z| < $i,c,i, Where

Si,c,i > 0, furthermore, because za; = o; + &2, it has

< Pl 4+ 1624 < \/ JF

| 22,4 . Due to z9; = G2 —

[0.01 cos(sa1); 0.01 cos(s21)], B =diag[0.1, 0.1].

1)The fuzzy observer-based command filtering backstep-
ping controllers with output constraint (FOBCFBCOC) are
constructed. Select the design parameters as k; = ko =
1{33 = k4 = 10,)\2 = )\4 = 0.5,712 = Ny = 10,]% =
[0.2 4 0.1sin(¢); 0.2 + 0.1sin(t)],d; = 40, ds = 80000, d3 =
500, d4 = 80000, w,, = 1100, ¢ = 0.8.

2) The CFBC (command filtering backstepping controller)
without output constraint will be designed as a comparison.
The control parameters are the same as 1).

3) The DSCOC (dynamic surface controllers with output
constraint) without ECM will be introduced as a comparison.
The control parameters are the same as 1), ¢ = 0.05.

Remark 4. From the simulation, the larger k; and d; are,
the better the tracking effect and estimated effect are, but
the more energy will be consumed. Considering the above
situation comprehensively, the control parameters are selected
by trial and error method.

As can be seen from Figs.1-2, contrasting CFBC method
and DSCOC method, the proposed control algorithm has a
more outstanding tracking effect and can get smaller tracking
errors. From Figs.3-4 that the TVOC bound is not been
violated by the output y, the method proposed can estimate



<o for FOBCFBCOC
<o for CFBC
< for DSCOC

(a) the 1-th of the model (b) the 2-th of the model

(a) the 1-th link (b) the 2-th link

Fig. 2: Tracking error z;.

——Fa |

én
s
-

(a)the 1-th link (b) the 2-th link

Fig. 3: Trajectories of ¢; and ¢; of the two links.

I R Y v E [y

(al)se and ¢y of 1-th link

S

(bl)sy and & of 2-th link
‘ o

Velocty(radis)

(a2)s4 and ¢4 of 1-th link (b2)¢4 and ¢y of 2-th link

Fig. 4: Estimation effect.

—

(a)the 1-th link (b)the 2-th link

Fig. 5: Control input wu.

the velocities of FJR effectively and the estimation errors are
small, which proves that the designed fuzzy observer has a
good estimation effect. Fig.5 displays that the control input is
smooth and bounded.

VI. CONCLUSION

For FJR system with TVOC, a fuzzy observer-based CFC
method has been proposed in the article. A fuzzy state observer
has been projected to effectively estimate the link’s angle
velocity and motor angle velocity of FIR, as well as resolve
the uncertainties of the system. The combination of CFC
method and ECM solves the problem of EOC in the process of
the controller design and eliminates the influence of filtering
errors. In addition, the output has been constrained in the

preset area. In the end, the devised approach has been validated

by simulation results. In the future research, the full-state time-

varying asymmetric constrains will be considered.
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