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Abstract—For modular robot manipulators (MRMs) with
physical human-robot interaction (pHRI) tasks, an adaptive
fuzzy impedance control method based on the estimation of
human motion intention is proposed in this paper. Dynamic
subsystem of MRM is built based on joint torque feedback
(JTF) technique. Processing unknown human limb models using
fuzzy logic systems (FLSs), the obtained intention of the human
is considered as the desired trajectory for impedance control,
enabling the robot to actively follow a target impedance model.
Adaptive fuzzy impedance control is utilized to compensate for
model uncertainty and accomplish tracking goals. The uniformly
ultimately bounded (UUB) of the tracking error is verified
through Lyapunov theory. Eventually, the validity of the proposed
adaptive fuzzy impedance control method is experimentally
verified.

Index Terms—physical human-robot interaction (pHRI), fuzzy
logic systems (FLSs), modular robot manipulator (MRM),
impedance control

I. INTRODUCTION

Compared with traditional robots, modular robot manipu-
lators (MRMs) are reconfigurable and have good flexibility
and versatility, which have an increasing influence in robotics.
Since the first industrial MRM systems were designed and
developed in the world, MRMs have rapidly developed and
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been applied [1]. Today, MRMs play a crucial role in areas
such as post-disaster rescue, aerospace and physical human-
robot interaction (pHRI).

In daily life, there are inevitably some tasks that require a
minimum of two people to complete, such as moving larger
objects can’t be done by one person, and collaboration robot
can assist human in accomplishing tasks. Robot can ensure
the safety of the collaborator in human-robot collaboration
tasks by obtaining the intention of the collaborator [2]. If
the robot can acquire the intention of the human, it can use
the result as its desired trajectory, then pHRI is realized [3].
Therefore, the robot recognition of human motion intention
is the key to pHRI [4]. Using an electromyography-based
method, Bednarczyk et al. [5] distinguished interactive forces
from forces generated by interacting with the environment to
capture the operator’s motion intention. Due to the complexity
of the human body, methods based on human biological signals
for intention recognition have significant flaws. Compared
to using human biological signals for intention recognition,
utilizing robot’s own sensor signals overcome human body
uncertainties [6]. Li et al. [7] used the position and force
information obtained from the sensors to apply a neural
network for intention recognition. An et al. [8] proposed a
harmonic drive compliance model-based intention recognition,
which only required the position measurement of the robot.

In pHRI tasks, applying appropriate control strategies can
ensure system stability. Impedance control is widely used



in the pHRI due to its good robustness [9]. Fuzzy logic
systems (FLSs) are considered to have ability to approximate
nonlinear systems [10]. Zhang et al. [11] solved the target
tracking control challenges in nonlinear pure-feedback systems
by FLSs. Zhao et al. [12] used FLSs to accomplish the
trajectory tracking control for a category of low triangular
nonlinear systems with uncertainty. Wang et al. [13] used FLSs
approximation of unknown nonlinear functions and ensured
the trajectory tracking tasks are accomplished.

As a result of the above discussion, an adaptive fuzzy
impedance control method for pHRI oriented MRM systems
based on human motion intention estimation is proposed in
this paper. First, the joint torque feedback (JTF) technique is
used to establish the MRM system dynamic model. Then, an
FLS is introduced, which is applied to recognize the human
motion intention, and the recognized result is treated as the
expected trajectory in the impedance model. An adaptive
fuzzy impedance controller is used to compensate for model
uncertainty so that the robot can successfully accomplish the
position tracking tasks. Finally, Lyapunov theory demonstrates
the stability of the MRM system, and the results of the
experiment verify the effectiveness of the proposed method.

II. ESTABLISHING THE DYNAMIC MODEL AND
PREPARATION WORK

A. Dynamic modeling analysis

In this paper, an n degrees of freedom MRM has considered
and the expression of the dynamic model for the ith joint
subsystem in the MRM is given by:

ImiBid; + fii (o, &) + Ly (o, 6, 60) + [5’7 =7 +7r (1)
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where o, & and & are the position, velocity and acceleration
vector of the ith joint of the modular robot. 7; is the control
torque. 7;¢; is pHRI torque. 7.; represents the joint torque
detected by the sensor. I,,,; means the rotor’s moment of inertia
about the axis of rotation. 3; indicates the reduction ratio of
the motor. L; (e, ¢, ¢v) denotes the interconnected dynamic
coupling (IDC) terms. f; (o, ¢;) is the joint friction torque.
1) The IDC items:
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The IDC items can be reexpressed as follows:
i—1 n—1
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where h,,,; is the unit vector around the ith motor rotation axis,
hqn and h;s are the unit vectors in the direction of the axis of
rotation of the nth joint and the sth joint. A}, = hL h,,, means
dot product of h,m, hgn. Al represents the alignment error of
Al AZ + Al = Al. B!, = hL,(his x hyn) denotes dot
product of AL, (hls X hqn) BZ means the alignment error
of BY,, B’ + BZ =B,
2) The joint frlCthIl torque:
Jii (i, &) = fai (o, é) + foidy
02 .

+ (fCi + fsie( fml)) sgn (d)
where fo; (a;,&;) is the position-dependent friction param-
eter, fp; denotes the viscous friction parameters, f.; is the
coulomb friction parameters, fg; is the static friction, f;

is the Stribeck effect parameter. According to the proposed
linearization strategy, one can obtain:

fsie(_ftid?) ~ f;ie(—fndf) +figj,€(_f“d12r)
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Substituting (5) into (4) yields:
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denotes the uncertaint friction parameters, Z (¢;) is denoted
as follows:
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Substituting (3) and (6) into (1), one has:

Foi (iy &) + fricui + Z () 2
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where N; = (Imzﬂi)*l, define state variables as z; =
[zi1 .TZ'Q]T = [y c'ui]T € R u; =1, € R'™! is the control

input of the systems. The MRM subsystem state space can be
represented as:

Ti1 = Tj2
&io = C; (z3) + Nju; + Nimjpi + T () 9
Yi = Ti1-

The precise modeling item and measurable part of the
subsystem dynamic model is denoted as:
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Ci (xz) = —Ni Tei
+ -+ szaz

[

(10)



where T (z) = —Ni [QL+ RL+ fai (s, 60) + Z () Fi]
represents the uncertainty component of the subsystem.
B. Fuzzy Logic System Representation

FLSs have strong approximation capabilities and are often
used as approximation nonlinear functions. The IF-THEN

rules in FLSs can be defined as follows:
RF :If xy is FF, 2 is Fl, ..., 2y is FF (11
Then y; isHZ-k, k=1,2,---, N

where x;; denotes the input of FLSs, y; denotes the output of
FLSs, Fllj and HF represent the fuzzy sets. One can obtain:

(12)

where 1, = max(yr. Define the fuzzy basis function as
follows:
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Equation (12) can be redescribed as follows:
yi = Wi (14)
where W = [W1, ..., Wx]" = [¢1,....¢¥n]".

Lemma 1 [14]: For a given continuous function y;, there is
an FLS which satisfies sup ’yi — Wde < n;, m; denotes an
ez

arbitrarily positive constant.

III. ADAPTIVE FUZZY IMPEDANCE CONTROLLER DESIGN
BASED ON HUMAN MOTION INTENTION ESTIMATION

A. Estimation of human motion intention

In pHRI, a human limb model in the Cartesian space is
defined as:

—CHi‘+GH($Hd—l‘):f (15)

where C'py is the human’s damper matrix, Gy is the human’s
spring matrix, xgg denotes the desired trajectory of the
human, f represents interaction force, the motion intention
Tprq 1S expressed as:

where Y (-) represents an unknown function, since Y (+) is an
unknown nonlinear function, approximating it by fuzzy logic.

The desired trajectory of the human and its estimation are
denoted by:

THAi = WEC(bi) + e

. (17
Spa;=WhECb), i=1,2, ..., n
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where b; = [ LT T, xﬂ represents the input of FLSs.

Using the steepest descent method, one can obtain:
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The update adaptive rate can be designed as follows:
Wai(t) = —ai fiCu(bi) 1

where a; = a;/Gp, a;' is a small positive scalar, a;” and
G i can be absorbed by a;. Eventually, the method to derive
the update law of Wy; is:

Wa (1) = Wi (0) — a / s () G (b (w))]dw. (22)
0

The estimation of human motion intention Zf, can be
obtained by substituting (22) into (17).

B. Adaptive impedance control

The target impedance model of the MRM can be represented
as follows:

Ma;(&a; — ;) + Cai(cvgi — &) + Gailagi — o) = JE f (23)

where My;, Cy; and Gg; are the desired matrices of inertia,
damper and stiffness.

Since the human expected trajectory obtained earlier is in
Cartesian space, in this section, it is transformed into joint

space as:
et
F=J(@)a+J(a)a, a(t)=x"" (Zma)

where z, 2, & € R™ represent position, velocity, acceleration
vectors in the Cartesian space, x (-) represents the robot
kinematics. Motion intention estimation ¢&; is defined as the
expected trajectory ag4; and constructs error signal as follows:

d = Mgi(Ga; — &) + Cai(&ai — &)

+ Gai(aa — i) — Jin~ @
Define the error signal as follows:
€; = Qi — Qy,
€ = Qi — i, (26)

& = b — b, JTf =Ty
To facilitate analysis, define another error signal as follows:

d = Koid = é; + Kyie; + Keie; — Kaimjpi  (27)



where Ko; = My ", Ky = My~ 'Cai, Kei = My ' Ga.
Select two positive definite matrices g; and h; as follows:

gi +hi = Kpi, i + higi = K. (23)
Defining Ko;7j ¢ = 7510 + Tj 150 yields:
d=¢& + (g + hi)ei + (§i + higi) e — Tjpi — Tjpihi. (29)
Define an auxiliary variable z as:
2 =€+ gie; — Tjfli- 30)
One can obtain: B
d=2;+ h;z. (31)

Suppose that the existence of lim; .. 2(t) = 0 will make
lim; 00 2(t) = 0, lim;_,od (t) = 0, then the control objective
lim; ,002(t) = 0 is achieved.

Differentiating equation (30) yields:

€; =% — gie; — i€ + Tjtui- (32)

Substituting (26) and (32) into (7) leads to:
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By defining H (D) =
IniBi (Geai — T (x) + Giei + gi€i + 9i€; — Tjf13), one can
obtain:

i = —ImiBiCi () — Tjpi — ImiBi2 + H (). 34

Adaptive fuzzy impedance controller can be designed as:
Imiﬂici( ) *iji‘i’ﬁ( ) *€2i+Kg12
— Tjfi — mzﬁz (1‘1) + Kglz

where K is the positive-definite matrix, u;; = VAVQT; S1(®) =
H (®) — £9;. The adaptive law is as follows:

U; = —
(35

= U1

Wi = M [WESy (@) — 6 Wal, i=1,2, ..., n.  (36)
Substituting (35) into (33), one has:

Inifiz = —Kg12 — WELS, (®) + e (37)

where ng denotes the weight error, ng = ng — Wa;.

Theorem 1. Considering the dynamic model of the MRM
system in (1) and its state space representation in (9), the
trajectory tracking error under the pHRI task is uniformly
ultimately bounded (UUB) via the proposed control method
in (35).
Proof: Choose the following Lyapunov candidate functions
as bellow:
~ (1 7 s 1
1% :Z (22 Niz + S WiiA; ng> )

i=1

(38)

Derivation for V' with respect to time, one can obtain:
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Substituting (36) and (37) into (39) leads to:
V = ZT [ glz WzlSl ( ) + 521} + W21A II/VQz
= —ZTKglz + ZTEQi + WQT; |:A;1W22 - zT51 ((I))] .
(40)

Substituting the adaptive law (36) into (40), one can obtain:

V= —zTKglz + 2Ty — 2781 (D)
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where ( is matrix eigenvalue. In order to make p > 0, it is
necessary to make (min(Kg1 — %I) > 0, Cmax (A;l) >0,C
is a constant, &o; is the boundary of ;.

0. = {or)12) < /B )
Q= {WRIW) < /ot }

where K, =2 (C 4+ V (0)) /p.

(44)

IV. EXPERIMENT

The effectiveness of the proposed method is validated on
a two degrees of freedom MRM experimental platform in
this part. For the proposed adaptive fuzzy impedance control
method, the inputs to the fuzzy logic are position error e; and
velocity error é;, the output to the fuzzy logic is u;;. Then,
the rule base consists of 5 rules, as shown in Table 1. Fig.
1 and Fig. 2 represent the position tracking curves. Fig. 3
represents the tracking error curves for the two joints, and it
shows that the robot can accomplish the tracking tasks. Fig.
4 represents the control torque curves. Fig. 5 represents the
fuzzy logic weights in the proposed adaptive fuzzy impedance
control method. Fig. 6 shows the fuzzy membership functions.
From the above experiments, it can be summarized that the
interaction tasks can be successfully accomplished by using
the proposed method.



TABLE I
FUZZY LOGIC CONTROLLER RULE BASE.

The input of fuzzy logic Velocity tracing error
Positive (P)  Positive medium (Pm)  Zero (Z) Negative medium (Nm)  Negative (N)
Position tracking error Positive (P) P P Pm Pm Z
Positive medium (Pm) P Pm Pm Z Nm
Zero (Z) Pm Pm Z Nm Nm
Negative medium (Nm) Pm Z Nm Nm N
Negative (N) Z Nm Nm N N
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Fig. 1. Joint 1 position tracking in joint space via the proposed adaptive fuzzy

! Fig. 3. Curves of the position tracking errors in joint space by the proposed
impedance control method.

adaptive fuzzy impedance control method. (a) Jointl, (b) Joint2.
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Fig. 2. Joint 2 position tracking in joint space generated by the proposed . .
adaptive fuzzy impedance control method. Elg. 4. Control torque curves generated by the proposed adaptive fuzzy
impedance control method. (a) Jointl, (b) Joint2.
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Fig. 5. Fuzzy logic weight vector curves obtained by the proposed adaptive
fuzzy impedance control method. (a) Jointl, (b) Joint2.
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V. CONCLUSION

This paper introduces an adaptive fuzzy impedance control
approach based on intent recognition. Based on the establish-
ment of the MRM dynamic model, we use FLSs for intent
recognition, and let the obtained result as the desired trajectory
for impedance control. Then, an adaptive fuzzy impedance
controller to compensate for the model uncertainty while
completing the tracking of the target is designed. MRM system
is demonstrated to be UUB via Lyapunov theory. Verification
of the validity of the proposed adaptive fuzzy impedance
control method is accomplished by experiment.
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