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ABSTRACT This paper is inspired by the automation of cleaning tasks required inside the endogenous
environment. This work intends to develop a robust adaptive strategy for force-position control, using
robotic manipulators. With this objective, the operational/task space is decoupled into two sub-spaces,
and the impedance model for the manipulator is designed using the standard second-order filters. The
impedance filter generates the reference commands for the inner loop, which assures bounded position and
force tracking. A delay estimation based adaptive sliding mode strategy is proposed for carrying out the
tracking objective, and its convergence is proved using the Lyapunov-Razumikhin theorem. The controller
uses past data to estimate the uncertainties in the error dynamics and exploits the sliding mode strategy
to provide robustness in the closed-loop. This technique circumvents the under/overestimation issues,
and linear/nonlinear parametrization requirements in conventional adaptive schemes. Multiple numerical
simulations and experiments are performed, and the results point to the validity of the proposed control law
in real-world settings.

INDEX TERMS Hybrid impedance control, automation of cleaning, time delay based adaptive control, robot

manipulator.

I. INTRODUCTION

The indoor cleaning tasks for public places like commu-
nity centers, hospitals, apartments have become increasingly
critical in present-day scenarios. The recent pandemic also
emphasizes the need for proper sanitation and maintenance
of all indoor setups, which are frequently coming in contact
with the people. The human operators generally carry these
tasks, and there is a need to automate the cleaning tasks for
better safety and frequency of operations.

Automating cleaning tasks has been the focus of the robotic
researchers for a while now [1]. Air-duct cleaning by moving
platforms has attracted much attention due to its complexities
and challenges [2]. The authors of the paper [3] developed a
new technique for aircraft-canopy polishing. The cleaning of
household items is generally carried out using human service
robots (HSR) [4]. The paper [5] presented a new strategy for
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automating can front cleaning. Similarly, automatic wiping
and polishing tasks have been discussed in [6].

The above tasks require not only following a desired
motion in the task space but also need to exert a prede-
fined force for wiping/polishing surfaces [7]. In other words,
a robot that is designed to automate these tasks should be
able to simultaneously control the position of the end-effector
and the force applied on the cleaning surface. As these
tasks require the end-effector to remain in contact with the
concerned environment, the end-effector movement is con-
strained (can not move freely in all directions) [8]. Similarly,
the applied force should be in specific desired directions, and
should not deviate much from the desired range [8].

The constrained manipulation of the robotic arm is carried
out by selecting the suitable transformation from joint space
to task space and formulating the Jacobian matrix for for-
ward/inverse kinematics. A number of literature [9], discuss
the stable manipulation using the robust control [10]-[12],
adaptive control [13], [14], and model predictive control [15]
techniques. Similarly, many force control techniques [16]
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FIGURE 1. Toyota HSR used for cleaning.

have been proposed to carry out grinding, wiping, and
polishing tasks. The cleaning tasks generally requires the
end-effector module to perform the repetitive motion, while
simultaneously applying some desired force. So, controlling
only the position or force will not lead to efficient cleaning
performance.

In the seminal paper, the author of [17] proposed to decou-
ple the motion and force control by suitably modeling the
operational space. This strategy is called force-position con-
trol and has been successfully applied in completing various
tasks [18]. In this method, the overall task space is divided
into two decoupled spaces for manipulator movement and
exerting force on the environment [19]. This idea is extended
to the selection of different joints for movement and applying
force, which circumvents various complications [20].

The force-position control technique does not consider the
effect of environmental force on the manipulator velocity,
which is natural in human hand movements [21]. Hence,
the method does not generally apply for the situations where
the motion direction and force direction are not decou-
pled [16], [18], [20]. The author of [21] proposed the cele-
brated impedance control strategy to mimic the human hand
type motion on the robotic arms. The impedance control
methodology defines the desired stiffness, damping of the
robotic arm through carefully selected transfer functions,
and then derive the control law such that the manipulator
dynamics converge to the desired second-order impedance
dynamics [22].

The authors of [23] developed a new strategy called hybrid
impedance control (HIC) methodology to exploit the advan-
tages of both force-position and impedance control tech-
niques. The HIC technique divides the task space into two
decoupled subspaces, which are then used for impedance
control in two separate directions [23]. In general, the HIC
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requires a proper choice of decoupling matrix and impedance
parameters (stiffness, damping) for better performance. Once
this issue is sorted, the joint torques can be derived by using
the large pool of robust and adaptive control techniques avail-
able in the literature [18], [24]-[27].

This work intends to focus on automating the indoor clean-
ing tasks, comprising of planar surfaces. The cleaning area
may be a flat surface, an inclined plane [3], [5], or a dynamic
moving plane like an escalator. The dynamic environment
not only makes the friction force to vary but also make
the force measurement inaccurate. Therefore, a conventional
HIC may not assure satisfactory performance in such a set-
ting. The adaptive strategies for HIC [25], [26] have issues
with fast varying disturbances like contact forces. The sliding
mode HIC [28] may have a chattering problem if proper
care is not taken during implementation. Adaptive sliding
mode technique may solve these issues but suffers from
over/underestimation where the controller gains may shoot up
or down near sliding surface [27]. This paper proposes a time
delay estimation based adaptive sliding mode HIC scheme
for this purpose. The proposed technique does not require
the manipulator’s parameters to be known and robust to envi-
ronmental uncertainties. Unlike the traditional adaptive HIC
strategies [25], [26], the force measurements and impedance
parameters are used for generating the feed-forward part of
the control law. In contrast, the feedback part compensates
for any uncertainties in the feed-forward part, and system
dynamics.

Il. MATHEMATICAL MODEL & CONTROL OBJECTIVE

The cleaning task is generally performed by the robotic
manipulators, and the attached cleaning modules. The mathe-
matical model for the robotic hand of any arbitrary DOF in the
joint space, can be written in the form of an Euler-Lagrangian
dynamics, i.e:

Mi(@)i + Ci(q. Dq + Filq. ) + Gi(g) + J (@ Fe =7 (1)

where ¢ € R" is the joint state vector for the n-DOF manip-
ulator. M;(.), Ci(.), G;(.) and Fj(.) represent inertia matrix,
Coriolis matrix, Gravitational torque component, and friction
component respectively. The matrix J(.) is the manipulator
Jacobian, 7; is torque input to the joints, and F, is the forces
arising due to contact with the external environment.

The manipulator Jacobian maps the end-effector’s position
(x € R™) in the task/operational space to the joint space
g € R". In general n > m for redundant manipulators, and
m = n for non redundant cases. Assuming the robot arm to
be non redundant, the dynamics of the end effector in the task
space can be expressed as:

M(@x + Ci(g. Px + Fi(q, ) + Gi(@) + Fe =t (2)
where M,(.) = JTOM;()JIY, G() = T TG,
Fi() = JTOFG), GO = JTOGOI =T TOM;()
J7HOIT O, and T, =TT O
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A. IMPEDANCE CONTROL GOAL

The controller should be designed such that the joint torque
7, delivered assure simultaneous position and force track-
ing with desired dynamic effects. So, the control task space
is categorized into two decoupled sub-spaces which would
describe force control, and position control directions. Let’s
define the two decoupled subspace as: x = [x,, xr], where
Xp is the part of task space used for position control and x¢
is the part used for force control. The desired dynamics to be
imparted on these directions are defined by the following sec-
ond order differential equation.

My(X — X%q) + Ba(Xp, — Zxg)
+KaZ(p —xq) — (I = X)Fg = —F, (3)

where x; is the desired trajectory along the position con-
trol, the matrices My, By, K4, denote desired inertia, damp-
ing and stiffness in the control directions, and F,; is the
desired force need to be impacted. To decouple the force and
position control directions, a diagonal matrix X is chosen,
consisting of ones and zeros. The ones represent the required
position control directions. The dynamics (3) represents the
desired impedance of the manipulator in contact with the
environment.

The impedance control scheme is originally designed such
that the robot should follow the dynamics of a second-order
spring mass damper system. So, (3) describes a 2nd order dif-
ferential equation with the design parameters My, By, K4, X.
As the cleaning surface is assumed flat, the parameter K is
set to zero in force controlled direction, when in contact. This
assures a proper steady-state force tracking. In other words,
the desired impedance in force direction mimics a mass-dash
pot system.

A moving surface can give rise to a varying external force,
so the variable F, is modeled as:

Fe = Ke(x — x¢) + Be(%)

where x, is the equilibrium position of the environment and
K., B, define stiffness, damping due to the environment,
respectively. It should be noted that both K, and B, may
vary due to the motion of the cleaning surface (in case of
an escalator). So, an approximate value for them can be
selected [23], [24], and the control law should be designed
for compensating the inaccuracies.

One important aspect of impedance design is to ensure that
the motion is controllable (not oscillating) while the manip-
ulator loses contact. When the manipulator is free (F, = 0),
and the desired force F is constant, the impedance dynamics
(K4 = 0) becomes [24],

Myx + Bax = Fy.

So the transient part of the velocity is decided by 11%’

whereas g—j can bound the maximum velocity. So, a suitable
choice of M; and B, can ensure controllable velocity in the
absence of contact, irrespective of reference position trajec-
tory, and distance from the environment.
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FIGURE 2. Schematic of a cleaning task using robotic Arm.

lll. CONTROL LAW FORMULATION
Desired acceleration for the manipulator can be derived from
(3) as:

ay = M {—Ba(k — Eiy)
—KiX(x —x)+ U =) —F}+X3%. 4

Similarly, the desired velocity and position from (4) can be
expressed as:

vy = /.ag dr, p4 =/ Vg drt. 5)

By inverse dynamics cancellation approach, the force
required by the manipulator to track the desired acceleration
a4 is given by

T = M;()ay + Ci(.) / ay+Fi()+Gi()+F.. (6)

However, the system dynamics is generally unknown, and
therefore one needs to take account of the uncertainties while
developing a control law.

A. DELAY BASED ADAPTIVE ROBUST DESIGN
Due to possible variation in F, (in case of dynamic),
the desired acceleration and velocity are changed to

aq = day +8aq,vq =vq + 8vg
Rewrite (2) as:
Mi(@x + Sp = e (7
where the uncertain parts are combined into the term
Sy = G0k + Fi() + G (). — My()3al — C,8V5

As the system matrices in (7) are unknown, let’s choose a
control law

e = Muc + S, ®)

where S’,, is the estimate of S,, u. is the combination of
feedforward and robust component of the control law. The
matrix M is chosen as a constant diagonal matrix satisfying

1M OOM — 1] < 1. )
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The desired acceleration a; may contain some distur-
bances in force measurement F,, so the term u, is selected as
the combination of a feedforward component uy and robust
component u,(to be decided later). The feedforward compo-
nent is selected as

Ue = uf +up, U =dg+ka(vy — )+ kp(pg —x), (10)

where k4, k, are two positive definite matrices. This paper
differs from the conventional adaptive hybrid impedance lit-
erature in the sense that, the estimate S’n is derived using time
delay estimation approach [29]. The estimate is derived as:

S, =1l — Md, (an

where ‘L’L{ and aé denote the time delayed (by a small delay /)
version of 7., aj. Using the delayed version of the estimate,
the closed loop is converted into:

Mag + S, = t! (12)
where

Sp = (Mi(.) — M)a, + Maly + Su() — Mu,

Define an error vector E = [eT, éT]T, where e = pg — x
and ¢ = vy — x. Expanding rel, the closed loop dynamics (12)
can be expressed as:

E = AE + AyE; + B,S, — Bl

r

(13)

where ulr is delayed version of u,,

0 I 0 0 0
S I B A i

Se = a5 —a, + M~(S, — 8.

The term S, is the error due to time delay estimation. As,

0
E,:E—/ E(t + r)dr
I

the equation (13) can be written as:

0

E = AgE+AE|+By(Sc—ul)—Ay / E(t+rdr (14)
1

where A, = A| + Aj. It should be noted that the matrix
A, can be made Hurwitz by proper selection of k; and k.
Hence, there exist a set of positive definite symmetric matri-
ces P,, O, such that

A,T;Po +P0Ao = _Qo-

To select the robust component of the control law, which
would negotiate the time delay error S.. Define a sliding
surface £ = BIP,E, and select an adaptive switching law
as:

ur = kr(o] + a2 + «3) tanh(§),
& — { k1|11l }
—k2|1&]]|
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" {al < aﬁ”'or (E€ > OAas > aof Naz > ag”)}
Exi <0 N\az <af Nay <af

L&l
_{ }When {“3 >“3",Z},
0 a3 < aj

1 m
—{%} when {“2 = “2} (15)

ay < oy

a3 =

a

where k,, ki, ko, o', &, &' € R, and k, > 1. The initial
conditions for the update of control gains o1, oz, @3 should
be chosen as:

a1(0) > o', a2(0) > o', a3(0) > 3.

The adaptive sliding mode control law given in (15), can
be made continuous with a small tweak as: u, = k(] +
oz + o3) tanh(§) if (||€]] > w) and u, = ke(ay + o2 + a3)§
otherwise.

Analytic Comparison: By combining all the uncertainties
in the term §,;, the delay based estimation scheme compensate
for uncertainties arising from both system model, and varia-
tion in the cleaning surface. The unknown external forces and
varying frictional forces may not be linearly parametrized,
so a conventional adaptive strategy may not work. A neural
network-based scheme may also be useful in such cases, but
the number of internal nodes and the type of activation func-
tion must be appropriately chosen. It should be noted that the
proposed controller does not need any regressor matrix, and
need to adapt only three gain parameters o, oz, 3. More-
over, the controller does not suffer from under-estimation
and over-estimation problem, unlike conventional adaptive
designs.

1 IMPEDANCE A
] FILTER

INNER LOOP

Jaint Position,
Velocity, External
Force

TIME DELAY

ESTIMATION BASED | — == N
ROBUST ADAPTIVE  [———/] MANIPULATOR
CONTROLLER

ioint Torques

elayed Counterparts

Task Space Velocity,
Ve Position Forward
‘ Pt Kinematics

“iDesired Trajectory,
Force

FIGURE 3. Block diagram of the proposed controller.

IV. CONVERGENCE OF TRACKING ERROR

The overall control law (8) consists of a feedforward part (10)
and robust part (15), along with the delay based estimation
part (11). The closed loop system in the joint space is derived
as (14). The convergence analysis of (14) exploits sliding
mode technique and Razumikhin’s theorem for the fulfill-
ment of the objective.

Note: The Razumikhin theorem [27], provide a delay
independent stability analysis framework for time-delay sys-
tems. As the closed loop dynamics (14) has both state
delay and input delay, we need to exploit the theorem
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for convergence analysis. For a Lyapunov function V(x(t)),
the Razumikhin theorem points to the existence of a positive
scalar v such that

Vx(1)) < vV(x(1)

forall t — 2] <t <t, where is a finite time delay.

It should be noted that the closed loop dynamics can
only be made stable by Razumikhin technique if the time
delay error term S, is bounded [27]. By ensuring the condi-
tion (9), the error S, can be made upper bounded by a positive
scalar [29], even though the constant is unknown, i.e.:

l1Sell < oy

where a; € R and unknown.

As already suggested, the constant @ is unknown, and the
robust part of the control law u, tries to nullify it’s effect.
In this direction, define a composite Lyapunov function

1 _ o 1 5 1 5
V=V +§(011 — 1) +§T1a2+§T2a3 (16)

where V| = %ETPOE, and Y, Y, are two positive con-
stants defined later. The Razumikhin’s theorem for V, can be
expressed as:

V(E(t1), a1(t1), az(t1), a3(t1))
< V(E@), ai(t), aa(?), a3(1))
= ET(1)P,E(t)) < vET()P,E(t) +60(r)  (17)

where

1
0(11) = v{i (e () - a1’ — (a1 () — @)%
+ T1(a3(11) — a2(0) + Va@d(ty) — a3(1))}.  (18)

The time derivative of V along (14) can be expressed as:

) 1 0
V= —EETQ(,E +eTH(r) — / ETP,AX{AE(t + 1)
1

+AE(t +r —1)+ B,H(t +r)}dr (19)
where H(t) = S, — ulr The last term inside the integral can

be simplified as:

0
/ (ETP,AYAE(t + 1) + ETPyAYALE(t +7 — 1)
-1

+ETP,A2B,H(t + r)}dr.

Using Razumikhin’s theorem and few simple matrix
manipulation:

0 11
- / (ETP,AYA\E(t + r)}dr < 5{—”ETP0E
—1 K

0

1
+ IKET (P,A2A P ATAT POE + - f 0(t + r)dr}
1

0
11
- / (ETP,AYALE(t +r — D)}dr < 5{—VETP0E
—1 K

0
0t + r — Dydr)
1

1
+IET(PyA2A2P ' ATAT PE + - /
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0
1
- / l{ETP(,AzBOH(t +r))dr< E{IKET(POAZP;M{ P,)E

1 0
+ - / (H™(t + r)BL PoB,H(t + r))dr}
—1

Using these simplifications, the time derivative of V, can
be expressed as:

. 1

V== EN(Qo—IDE+E" (Se —u)+ 1+ Tal €]l (20)
where
1"—2—vP +vP, A (P A PTIAT + AP ADAT P, (21

_I(o o027, 101+20 2)20()

The constant Y1, Y are derived using Lipschitz properties,
ie:

llur — |l < o (22)

1 0
_2ch / {(HT(t + BT P,BLH(t + 1))
-

FO(+1r)+ 00 +r —l)}drH <1 23)

Proposition 1: The closed loop system (14) is stable, only

if the time-delay [ satisfies:
)\' .
l < mm(Qo) (24)
T

Proof: The dynamics (14) can be stable, if the first term
in R.H.S of equation (20) is negative definite. For that to
happen,

)\ .
(0, — I >0 = 1<M. ©)
[T

Exploiting (15), (11), and (8) on (20), the Lyapunov sta-
bility analysis can be carried out further. Let’s consider the
scenario when

oq5a’f’or(§é>OAa3>a'3”/\a2>a§”.

Exploiting (15) for this scenario, (20) can be rewritten
as:

: ET(Q, - IT)E . )
V< —f—k”ﬁ+T2IIEII+T10620!2+T20530!3
+ET(Se — k(@1 + a2 + a3) tanh(&)) + () — @1)]|&]|
From (15),
. ET(Q, - ID)E _
V< —+ + +ay &
— k(1 + a2 + a3)llIE]] + (a1 — @]
Ask, > 1,
T _ . _
y<_E Qo —IDE _ min(Qo IF)HE“2

2 - 2
Hence, by exploiting Barbalat’s lemma [29], we get

limV=0= limE=0

11— 00 —00
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Now consider the opposite scenario, for which the term V
can written as:

T
v ETQ,—INE
- 2
k2
+sT<sc—kr<a1+a2+a3>tanh(s»—ﬁ<a1—&1>||s||

+ Y1 + V2l 4+ Trondn + Yooazas

Exploiting (15), and the fact that ||£]| < ||BZP0| [||E]|, one
can derive

_Amin(Qo - lr)
2

V< IEI* + Yy

T k2 or
+T2l1B, PollllEN + 25~ i 11B, Polll ]|

Hence, the closed loop system is assured to be uniformly
ultimately bounded (UUB), with a bound

B, = b, + |b2 + 2Y
! § " )\min(Qo - lF)
Ty + 2824,
bn M |1BI P,

= domin(Qo — IT)

The closed loop steady state error B, can be made arbitrary
small by selecting a small delay and a larger Q,. Generally,
the delay can be chosen as small as the sampling time for
better accuracy. The above analysis can be summarized as the
following theorem.

Theorem 1: Let proposition 1 holds true. If a control law is
chosen as given in (8), (11) and (15) in the task space, then
the unknown manipulator dynamics asymptotically converge
to the described impedance dynamics (2). ©

NOTE: The theorem assures bounded tracking, provided
the delay is bounded by the condition (24). However,
the amount of delay directly affects the steady-state error
(By, b, in UUB condition), and the sampling interval restricts
the minimum delay. As the sampling has to be faster to get
a smaller steady-state error, there exists a trade-off between
condition (24) and small, steady-state error.

The design parameter «; in (15) can be used to modify
the robustness against the estimation error due to time delay.
Similarly, the parameters «; and o3 can be used to alter the
closed-loop performance/stability. Other design scalars like
ky, o', oy, a’3” may be tuned by trial and error

V. SIMULATION

A two-link manipulator is used for simulation, whose param-
eters are m; = 10 kg, my = 5kg,l; = 0.2m, [, = 0.1m, g =
9.81m/s*. The system matrices are given by:

M M 1 0.5 sgn(g1)
M; = [Mz M3] - Fi= |:O.5 sgn(q2).
My = (my +m)l} + my Ly + 211 cos(q2))
= my bl + 1 cos(q2)), M3 = my I3

1 G |G
=[5 &l o=la]

Ci = —my Iy bsin(ga)g2, Cr = Ci —my i Lsin(g2)q1,

5
|
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C3 = —C1, G2 =mpglrcos(q1 + q2)
G1 = Gy +mygly cos(q1) + magly cos(qy).

The Jacobian matrix is given by:

7= sin(g1) + sin(q1 + ¢2) sin(q1 + q2)
cos(q1 + q2) cos(q1 + q2) +cos(qr) |

The impedance parameters are selected as:

My = diag([3,6]), Bg = diag([30, 60]),
Ky = diag([250, 0)).

The external force is modeled using:
K. = diag([0, 180N /m]), B, = diag([0, 80 N .sec/m]).

To model the variation in the external force due to movement
of handrail a disturbance signal 0.2 sin(0.5¢)N is added to f,.
The desired force to be exerted is taken as F; = 3.5 N, where
as the desired trajectory in position controlled direction is
taken as x; = 0.3 sin(¢)m.

For realizing the controller the following parameters are
chosen:

M, =0.05I, kg =—30, k, = —150.

For this choice of M, the condition for bounded time delay
estimation error can be satisfied, and the control gains k,, kg,
with the matrix Q, = I, gives rise to

P 0.1168  —0.5000
7 1-0.5000 25167 |°

Choosing the sampling time equal to the delay [ = 0.001 sec,
the constants v = 1.006, k = 0.08 satisfy the delay time
requirement in proposition 1. The gain parameters of u, are
chosen as a1 = 0.005, a5 = af = 0.5, where as other
parameters are chosen by trial and error.

The closed loop simulations are carried out without
any external disturbances are presented in figure 4-8.
Figure 4 shows the position tracking along x-direction,
whereas figure 5 shows force tracking. The steady state error
for the force tracking is very small, which can be further
reduced by a smaller sampling time.

The evolution of the sliding surface shown in figure 6
points to some initial transient, which may arise due to
large error at initial conditions. The adaptive gains shown
in figure 7, 8 and 9 remain bounded for all time, which con-
firms our convergence analysis.

To show the impedance tracking abilities of the proposed
controller, define the auxiliary error vector as

eauy =M% — XXg) + Ba(xp, — Lxq)
+KiE(xp —x9) — (U —X)Fg+F. (25)

The figure 10 shows that e,y — 0 in position controlled
direction and tends to a very small steady state value in
force controlled direction. It confirms asymptotic impedance
tracking ability of the proposed controller.

To validate the effectiveness of the proposed control law,
the simulation is repeated with the added uncertainties in the
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FIGURE 4. Position tracking in x direction without disturbance.

101
= = Desired Force
Force Exerted
5 L
o
S
s 0
<3
-5
-10 : : : :
0 5 10 15 20

Time (sec)

FIGURE 5. Force tracking in z direction without disturbance.
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FIGURE 6. Sliding surface.

term F,. The effect of the disturbance can be observed from
the initial transient errors in position tracking (figure 11), and
small oscillations in force tracking (figure 12), even though
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FIGURE 7. Estimation of control gain vector «;.
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FIGURE 8. Estimation of control gains o,.
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FIGURE 9. Estimation of control gains a3.

the error is small. By reducing the sampling interval, these
errors can be further reduced.

VI. EXPERIMENTAL RESULTS
For implementation of the proposed controller, a Toyota HSR
platform is chosen as the test-bed. The HSR is a position
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external environment.

controlled robot, and therefore the torque command has to be
transformed before implementation. We have used a simple
torque-position transformation [30], which is given by

Gref (k) = krgf Telke = 1) + gk — 1) (26)

where g,,r (k) represents commanded position, ks is a pos-
itive constant, t.(k — 1) is the torque sample from previous
instant. Even though it is not an exact approach, it has been
shown to work satisfactorily in the literature [30], [31]. The
constant parameter ks is tuned by trial and error for a few
known desired trajectory, before fixing it to ks = 15. The
controller is implemented using python-ROS interface, and
the sensor measurements are collected using ROS package.
For all experiments, the sampling interval is chosen as 1 ms.

The HSR is manually moved near the handrail, and only
two joints (arm flex and wrist flex) are activated for the exper-
iment. Initially, the desired position is set as 0.3 sin(t)m for
20 seconds, and changed to a constant value 0.25m after that.
The response of the gripper position is plotted in figure 13.
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FIGURE 13. Tracking with change in desired trajectories and disturbance.

The small steady state error can be explained by the inaccu-
racies in the torque-position transformation.

The proposed controller is compared with a propor-
tional derivative (PD) controller, conventional adaptive con-
troller [25], [26] and a sliding mode controller [28]. The
desired trajectory is set as 0.3 sin(t)m for 20 secs, after
which it is changed to 0.2 sin(t)m. The comparison results
are presented in the following figures.

As the PD controller acts without any model knowledge,
a comparatively inferior, trajectory and force tracking can be
observed from the figure. It is observed that the steady-state
trajectory tracking for the conventional adaptive and sliding
mode impedance controller is similar to the proposed con-
troller. However, both methods give rise to comparatively
larger transient errors, both in trajectory and force tracking.
The transient errors in the conventional adaptive controller
are due to the comparatively slower adaptation to the desired
trajectory changes and the sudden change in the impedance
during initial contact. The sliding mode controller does not
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suffer from slowness, but it suffers from discontinuity of the
control law, whose effects can be observed as perturbations
in the force tracking error. The proposed controller is not
slow to adapt, does not suffer from chattering, and does not

155360

have over/underestimation issues. Hence, it has compara-
tively better performance in both the trajectory as well as
force tracking. The initial transient errors for the proposed
controller can be explained by the time delay based estimation
technique, which comes to effect after a small initial time
period. The effect can be suppressed by saturating the control
law beyond the region of interest.

VII. CONCLUSION

A new strategy is proposed for hybrid impedance controller
design using time delay estimation technique. The stan-
dard second order impedance filter is used to generate the
reference trajectories for the inner loop. The control law
comprises of a feed-forward segment and an adaptive sliding
mode segment. The adaptation technique does not suffer from
over/underestimation problems and does not need regressor
matrix computation. The controller is suitable for cleaning
handrails, escalators, and other plane surfaces, which is veri-
fied through numerical simulations and experiments.
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