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Abstract: Existing work concerning adaptive control of uncertain teleoperation systems only deals with
linearly parameterized (LP) dynamic uncertainties. Typical teleoperation system dynamics, however, also
posses terms with nonlinearly parameterized (NLP) structures. An example of such terms is friction, which is
ubiquitous in the joints of the master and slave robots of practical teleoperation systems. Uncertainties in the
NLP dynamic terms may lead to significant position and force tracking errors if not compensated for in the
control scheme. In this paper, adaptive controllers are designed for the master and slave robots with both LP
and NLP dynamic uncertainties. Next, these controllers are incorporated into the 4-channel bilateral
teleoperation control framework to achieve transparency. Then, transparency of the overall teleoperation is
studied via a Lyapunov function analysis. Simulation studies demonstrate the effectiveness of the proposed
adaptive scheme when exact knowledge of the LP and NLP dynamics is unavailable.
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1 Introduction

Teleoperation systems offer humans the ability to interact with environments that are inaccessible. They
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have been widely applied in areas such as outer space and undersea exploration [1-2] control of
construction/forestry machines of the excavator type [3], minimally invasive telesurgery [4], nuclear waste site
and radioactive material management [5], and so on.

The block diagram of a general bilateral teleoperation system is shown in Fig. 1, where x, and x, are the
positions of the master and the slave, respectively, f, is the force that the operator applies to the master, and f,

is the force that the environment applies to the slave. The human operator applies forces on the master to
remotely control the position of the slave in order to perform a task. If the slave robot exactly reproduces the
master’s position trajectory and the master robot accurately reproduces the slave-environment contact force to
the human operator, the teleoperation system is said to be fully transparent.

For precise teleoperation, transparency is essential. In order to ensure transparency, various control
approaches have been proposed for teleoperation systems [6-11]. Among these control approaches, the 4-
channel architecture is the most successful in terms of fulfilling transparency [12-13]. However, this control
scheme assumes perfect knowledge of the linear impedances of the master and the slave. In other words, these
controllers are fixed. Nevertheless, in practice, the exact knowledge of the master and the slave dynamic
models may be unavailable due to model uncertainties and, thus, transparency and stability are hard to
guarantee.

In order to mitigate the adverse effects of parametric uncertainties in the dynamics of a teleoperation system,
different adaptive control methods have been proposed as summarized in the following. Adaptive control
schemes for linear master and slave robots have been developed in [14-15]. However, in these papers, an
adaptive controller was designed for the slave, but a fixed compensator was used for the master. On the other
hand, since robot dynamics are generally nonlinear and multi-degree-of-freedom, adaptive control for
nonlinear master and slave models is needed. For this case, adaptive laws were designed for the master and the
slave in [16-19]. Moreover, adaptive controllers for nonlinear master and slave dynamics incorporating linear
operator and environment dynamics were designed in [20-21].

In terms of the structure of model uncertainties, all teleoperation control related prior art has only considered
linearly parameterized (LP) dynamic terms (i.e., terms involving model parameters that appear linearly in the

dynamics) but has not considered nonlinearly parameterized (NLP) dynamic terms (i.e., terms involving model
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parameters that appear nonlinearly in the dynamics). Friction, which is ubiquitous in the joints of the master
and slave robots of a teleoperation system, is an example of NLP terms. In general, NLP dynamic uncertainties
degrade position and force trajectory tracking and, thus, make transparency hard to guarantee if not
compensated for in the control scheme.

Outside the realm of teleoperation control, Feemster et al. [22] designed an adaptive controller for NLP
dynamic uncertainty compensation. However, the result in [22] can only be applied to setpoint regulation. For
trajectory tracking, Hung et al. [23] developed an adaptive controller to compensate for NLP uncertainties in
robot manipulators. Nonetheless, the results in [23] have only been applied to motion control of a single robot
in free motion. So far, there has been no attempt at simultaneous motion and force control of a master-slave
teleoperation system with NLP dynamic uncertainties, in which the master and the slave are allowed to make
contact with the human operator and the environment, respectively. The contribution of this paper is in
adaptive control of a bilateral teleoperation system encompassing both LP and NLP dynamic uncertainties
under both free motion and contact motion conditions. The proposed adaptive controllers for the master and for
the slave are then incorporated into the 4-channel bilateral framework to achieve transparent teleoperation.

The organization of this paper is as follows. In Section 2, the nonlinear model of a teleoperation system with
NLP dynamic uncertainties is developed. In Section 3, adaptive controllers that can deal with both LP and
NLP dynamic uncertainties are designed for the master and for the slave, and incorporated into the 4-channel
bilateral teleoperation control framework. Then, transparency of the entire closed-loop system is proved by a
Lyapunov function analysis. Examples of system with NLP uncertainties are illustrated in Section 4. In Section
5, numerical simulations are presented comparing the performance of the proposed adaptive controller with

that of conventional adaptive controllers. The paper is concluded in Section 6.

2 Model of a Teleoperation System with NLP Dynamic Terms

In this section, nonlinear model of a teleoperation system with NLP dynamic uncertainties is developed to

facilitate the design of controllers.

2.1 Dynamics of the master and the slave in joint space
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When interacting with a human operator and an environment, the joint-space dynamic models of n-DOF

master and the slave robots can be written as

My (@) + Con (G- )i + G (@) = Niy (U A Tin) = Ty + Iy M

M, (45)is +Cs(45.45)ds + G () = N (4. 45.1) = 7 — I 3E, @
where q, and g, € R™! are joint angle positions, M, (q,,) and M (q,) € R™" are symmetric positive-
definite inertia matrices, C,,(q,,.q,,) and C(qs,qs) € R™" correspond to Coriolis and centrifugal terms,
G,(q,) and G,(q,) e R™" represent gravity terms, T, and T, € R™" are control torque inputs, and J, (q,,)
and J (q,) e RO are the Jacobian matrices for the master and the slave, respectively. Here, f, RO is the
force that the operator applies to the master and f, € R is the force that the environment applies to the slave.

Also, N, (q»4y-M,) and N (qs,qs,m,) € R™! represent terms whose vectors of parameters n, and 1, are

uncertain and appear nonlinearly in the model. In this paper, we assume that the NLP uncertainties in each of

the master and slave robots are of a general multiplicative form, i.e.,

Ni(q.4.n) =Ri(q.4.n)T'(q.4.m;) (3)
where i=1,...,n denotes the i"" joint of each robot and R'i (9,9,m;) and T'i (q,9,m;) are nonlinear functions
that are assumed to be Lipschitz [24] in n; =[r, _7;, I7 € RP. In the following, we will use the subscripts
m and S for the master and the slave, respectively.

2.2 Dynamics of the master and the slave in Cartesian space
In practice, it is desirable to express the dynamics of the master and the slave robots (and ensure position
and force tracking) in the Cartesian space, where the tasks and interactions with the human operator and the

environment are naturally specified. Based on (1)-(2), the dynamics of the master and the slave in Cartesian

Space are
Mxm(qm)im +me (qm’qm)i‘m +me (qm)_Nxm (qm’qm’nm) = fm +fh (4)

st(qs)is +st(qs,qs)X5 +st(qs)_Nxs(qs’qs’ns) :fs _fe (5)

Xia Liu, DS-10-1274, 4



where, for the corresponding subscripts M and S, we have [25]:

x=Jq

Xx=Jq+Jq

M, (q)=J "M(q)J"'

C,(q.9) =37 (C(q.9) - M(q)3 " )J™! (6)
G,(9=3"G(q)

N.(q.9,m)=J "N(q.q,m)

f=J"1

Since the joint-space term N;(q,q,m;) is of a multiplicative form, the corresponding Cartesian-space term
N,i(q,q,n;) is also of a multiplicative form:

N,i(q.4,m;) =Ri(q.q,m;)Ti(q.q.m; ) (7
In addition, since R'i (9,9,m;) and T'i (q,9,m;) in (3) are Lipschitz in n;, Ri(q,q.n;) and T;(q,q,n;) in (7)
where R (q,q,n;) = J7T R'i (q,q,m;) and T;(q,q,m;) =T'i (q,q,m;) are also Lipschitzin n;, i.e.,

P
"Ri (9,9,m) —Ri(q,q, M )" < Z Aj (qaq)|nij - 1~lij |»V'lis'~li en
j=1
(®)

P
"Ti (4.q,m)-T, (q,q,fli)|| < zzij (qaq)|nij _ﬁij|ovniaﬁi S|
j=1
In the above, p; is the dimension of n; in (3). Also, A;(q,q), Z;(q,q) 20 are continuous functions.
Property 1 [26]. The first three terms in the left sides of (4) and (5) are linear in a set of parameters

o= [0:I ,...,ar]T such that

M, (@)X + C,(q,9)x + G,(q) = Y(q.9,X,X)a
where Y e R™" is a regressor matrix.

Property 2 [26]. The matrix M, (q)—2C,(q.q) is skew-symmetric:

¢’ (M, (q) - 2C, (0. 4))5 = 0, V& € R
Property 3 [23]. For Ve(t)e R, the Lipschitz functions R;(q,q,m;) and T,(q,q,n;) satisfy the following

inequality:
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e(t)Ri (qa q? n; )T| (q9 q’ n; )
< e(t)Rl (qa qa O)Tl (qa qa 0) + |e(t)|

2
A(q.9)Z(q. q)(Zn.,J +[ |7 (4.4.0) A (9. 9) + R (9.4.0)] Z; (q. q)]Zn.,

where A(q.q) = max A, (q,9) and Z;(q,q) =  max Z., (q.9).

Lemma 1. The NLP terms N, (q,q,n) in (4) and (5) satisfy

S'N((4,,) <5'N,(4,4,0) + 5" Q(5.4,4)0
where s = Ax +AAx € R"", AX=X—Xy is the position error between the actual position X and the desired

position X4, AX is the velocity error, X is a diagonal positive definite matrix, and
Q(s,q,q) = diag[sgn(s,)w,(q,q),...,sgn(s,)w,(q,q)] € ggn>2n
wi =[A@.DZ;(q.9) [T(q.4,0)|A(q.4) +|R(q,9,0)|Z; (q,q)] € R

0=[0] 0] .. 071 cR>™
Pi 5 bi T

9 = [(Zﬂij) Zﬂij] . =
j=1 j=1

n
Proof: According to the definitions of s and N, (q,q,n), we have sTNX(q,q, n)= ZSiNXi (q,q,m;) - Using

i=1

Property 3, we obtain
n
D 5N, (9,6, m)
i1

n n
< Z Si Ri (q’ qﬂ O)Tl (qa q7 0) + Z |Si |
i=1 =1

2
A(q.4)Z; (g, q)(ZU.,J +[[7i (@40 A (q,9) + |Ri(a. 4.0 Zi (a, q)]Zn.,

j=1
Using the definitions of Q(s,q,q) and 0, and |s;| =; sgn(s;) , we get

s"N,(q.4,m) <s"N,(q,4,0) +s' Q(s,4,4)0 .
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3 Adaptive Bilateral Teleoperation Control

Due to model uncertainties, perfect knowledge of the master and slave dynamics may not be available.

When the master and the slave experience parametric uncertainties in their dynamics, according to Property 1,
M @)% + Con (@ ) + G (@) = Yoo (A A ¥ K ity ©)
M (49)%; + Cs (a5, 45)%5 + G s (45) = Y, (45 G5, X, X5 )l (10)
where @, and @, are estimates of the dynamics parameter vectors a,, and o, respectively. Furthermore,
parameter vectors n,, and n, in the terms N,,(q,,q,.Ny,) and N, (q,.q,,m,) in (4) and (5) are not
perfectly known. In such a case, some parameters of n, and n, appear nonlinearly in N, (q,qy,N,) and
N,.(qs,95,Ms) , respectively. Our goal is to design a control scheme for a teleoperation system with both LP
and NLP dynamic uncertainties (i.e., uncertainties both in e, and e, and in n, and n, ) such that

transparency is guaranteed.

3.1 Architecture of the proposed teleoperation controller
In an ideally transparent teleoperation system, through appropriate control signals, the master and the slave

positions and forces will match regardless of the operator and environment dynamics, i.e., x,, =x,, f, =1, .

For achieving this ideal response, various teleoperation control architectures have been proposed. These
control architectures are usually classified as position error based (PEB), direct force reflection (DFR), shared
compliance control (SCC), and 4-channel (4CH) control methods [27]. Among them, the 4-channel
architecture is the most general case and one that can achieve perfect transparency. As seen in Fig. 2, the 4-

channel architecture has a position controller comprised of the blocks C, and C, for the master, and another
position controller comprised of Cy and C, for the slave. The controllers C, and C; are feedforward force

terms for the master and the slave, respectively. Also, C; and C, are local force feedback controllers for the

master and for the slave, respectively. The signals f; and f: denote the exogenous forces of the operator and
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the environment, respectively. The 4-channel architecture can be reduced to the PEB, DFR, or SCC
architectures through proper choices of C, , Cy,and C, to C,.

The basic idea of our proposed teleoperation control scheme involves incorporating two adaptive position
controllers for the master and the slave into the 4-channel teleoperation architecture. To this end, in Fig. 2,

blocks C, and C, are replaced by an adaptive position controller for the master, and blocks C and C, are
replaced by another adaptive position controller for the slave (see the dashed boxes in Fig. 2). Blocks C,, C;,
C;and C, are still maintained as force feedforward and feedback controllers in the proposed approach, where

the choices C, =1+ C, and C; =1+ C; are made for transparency reasons (I is the identity matrix).

3.2 Design of control laws and adaptation laws

With the architecture in Section 3.1, we now begin to design the adaptive controllers for the master and the

slave. According to the definition of s in Lemma 1, define the following two vectors s, , s, € R" for the

m>

master and for the slave, respectively:

Sm = AX, + MX, =X, — Xy (11)
S, = AX, + MX, =X, — X, (12)
where, as mentioned before, Ax,, =x, —X,, AX; =X, — X, X, =X, —AX, X, =X, —AAX,, and X is a
diagonal positive definite matrix. From (11)-(12), we get
X =Sy + Xpps Xg =S¢ + X (13)
X, =8, + X, X, =8, +X (14)
Substituting (13)-(14) into (4)-(5), the open-loop dynamics of the master and the slave become
M, (@m)Sm + Cm (A dm)Sm = Fin + T = Your (@ Qs Xine s Xine )0+ Ny (@ s G i) (15)
M (q5)8s + Cys (A, 4)8s =5 —f, — Y, (a4, 4, X, X o + N (4,9, M) (16)
where
Yior (A > G > X » X D0y = My (A )X + Co (A Gy YXine + G (@) (7
Yo (s> Qs Xr > X )0 = Mg (q)Xg + Cig (45, 45X + G (gs) (18)
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Now, the control laws and the adaptation laws for the master and the slave are proposed as the following:

e Control laws:
fm =—Kps, + Ymr&m —Nym (qm»qm ,0) - Qmém + Cz(fh - fe) - fh (19)

fs = _Ksss + Ysrds - Nxs (qs ’qs ’0) - Qsés + C3 (fh - fe) + fe (20)

A

where K, K, C, and C, are all diagonal positive-definite matrices (or positive constants), and a,,,0,, ,

a,, and és are estimates of a,, 0, a,, and O, , respectively. Note that Q,, Q,, 0, and 0, have been

introduced in Lemma 1.

e Adaptation laws for the LP uncertain parameters in dynamics:

Gy =T Y s, 0 =T, Y's, Q1)
where I, and T are constant positive-definite matrices.
e Adaptation laws for the NLP uncertain parameters in dynamics:

0, = TynQlsy » O, =T, QTs. (22)

where I'y,, and I', are constant positive-definite matrices.

Each of the control laws (19)-(20) includes six terms. The first term is a feedback law involving the
velocity and position tracking errors between the master and the slave, the second term compensates for the LP
dynamic uncertainties, and the third and the fourth terms compensate for the NLP dynamic uncertainties.
These first four terms together perform adaptive position control as shown in Fig. 2. The fifth term implements
force tracking between the master and the slave (i.c., force feedback to the operator), and the sixth term cancels
the human/master and the slave/environment interaction force in the master and the slave closed-loop

dynamics, respectively. The LP uncertain parameter vectors a,, o, are updated by (21) and the NLP

m >
uncertain parameter vectors 0, , 0, are updated by (22).

Substituting the control laws (19)-(20) into the open-loop dynamics (15)-(16), the closed-loops dynamics for

the master and the slave are obtained as

M)(m (qm)ém +CXm (qm7qm)sm = _Kmsm + YmrAam

_ . R (23)
+Nxm(qmquanm)_Nxm(qm’qmso)_QmOm +C2(fh _fe)
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M, (q5)8s + Cys (q5,95)8s = —Ksg + Y Aag

_ _ R (24)
+ Nxs(qsaqs’"s) _Nxs(qsaqs’o) _Qses + C}(fh - fe)
where Aa,, =@, — 0, and Ag, =d, —a . Multiplying both sides of (24) by C,C,™', subtracting the result

from (23), and using s, = —s,, gives us a unified closed-loop equation for the entire master-slave system as

(M, (@) + €237 My (4))51 + (Con (@) + C5C5 7' Co (481 (25)
= _(Km + C2C371K5)Sm + YmrA(’“m + Nxm (qm ’qm ’nm) - Nxm (qm ’qm ’0) - Qmém
- C2C371YsrAus - C2C371Nxs (qs ’qs ’ns) + C2C371Nxs (qs ’qs ’0) + C2C371Qsés

Remark 1: In (1)-(2), the term N(q,q,m) involves NLP uncertainties. If N(q,q,n) contains both LP and NLP

uncertainties, the LP parameters can be incorporated into @, and a, and updated in (21), while the NLP

parameters enter into ém and és and are updated in (22).
Remark 2: In the controllers (19)-(22), switching activities may exist because of the discontinuous
which may be undesirable. This can be resolved by replacing sgn() with a

function sgn() in Q,, and Q

S

smooth saturation function, e.g.,

where i=1,....,n ,and ¢ is a small positive constant.
Remark 3: In the adaptive control laws (19)-(20), the interaction force between the master and the operator f;,
and the interaction force between the slave and the environment f, are assumed to be measured by force

sensors and are included in order to cancel the same terms in the master and the slave dynamics (4)-(5).

Alternatively, f, and f, in (4)-(5) can be replaced by the following dynamic models for the human operator’s
hand and the environment, which have successfully been used by other researchers [20-21]:
f, =f, — (M X, +B, X, + K;x;,) (26)

f. =M_x +B.x, + K x, (27)
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where M, , B,, K, , M, B, and K, are symmetric positive-definite constant matrices corresponding to the
mass, damping, and stiffness of the operator’s hand and the environment, respectively. After substituting (26)-
(27) into (4)-(5), combined models for the master/operator system and the slave/environment system will be
obtained as follows:

(M (An) + Mp)E +(Coy (A ) + By + KXy + G ()~ fy = Ny (€ iy Ty ) =y (28)

(M5 (qs) + Me)X; +(Cys (a5, 95) + B )X + KeXg + G (q5) = Nys (4545, M5) = £ (29)
For the combined models (28)-(29), new adaptive controllers can be designed in a fashion similar to (19)-(22)
but without the last terms f,, and f, in the control laws (19)-(20) as they have already been incorporated into

the dynamic models of the master and the slave. In this case, all dynamics uncertainties in the operator, the

master, the slave, and the environment are encompassed in the models and need to be adapted to.

3.3 Transparency of the closed-loop teleoperation system

Let us go back to the original design where we found the unified closed-loop equation (25) for the overall
teleoperation system based on the master closed-loop dynamics (23) and the slave closed-loop dynamics (24).
Thus, we can use a unified Lyapunov function to show the transparency of the overall system in the following

theorem.
Lemma 2: If o(t), ¢t)el, (e, @) and @(t) are bounded), and if @(t)el, (i.e., @(t) is square
integrable), then tlim ot)>0.m

—w©

Proof : Let f(t)=¢?(t), then f(t)=2¢(t)¢(t). Therefore, f(t) is bounded since both @(t) and ¢(t) are

bounded. Thus, f(t)is uniformly continuous. On the other hand, since ¢(t) L, (i.e., I:(pz (Hdt <), we get

rof(t)dt < oo . Using Barbalat’s Lemma [26], we have limf(t) =0 and hence lime(t)=0.
0 t—oo t—o0

Theorem 1: Consider that the nonlinear teleoperation system (4)-(5) has both LP and NLP dynamic
uncertainties and is controlled by the adaptive control laws (19)-(20) using the LP dynamic adaptation laws (21)

and the NLP dynamic adaptation laws (22). Also, assume the following conditions holds:
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1) The Jacobian matrices J,, and J are nonsingular,

2) The force control gain matrices C, and C; are invertible.

Then, the signals s,,Aa,,A8,,Aa ,AB, are bounded. Moreover, the position tracking error Ax,, =X, — X,
converges to zero as t — o , and the force tracking error Af =f,, —f, remains bounded. m
Proof: Consider the Lyapunov function candidate
1 -
V= EsrTn M, (q) + C,Cs 1st (@s))sp
+ %Aa;r;nmm + %A@Inr;mem (30)

1 1
+ ECzcglegr;}Son,s + Eczcglmﬂ I,.A0,

where A0, =0, -0, and A@ =6S —0, . Differentiating V along the trajectory of the unified closed-loop
system (25) and using Property 2 gives

V = _SIn (Km + C2C3_1Ks)sm + sInYmrAam + srTn (Nxm (qm ’qm >Nm ) - Nxm (qm ’qm > 0) - Qmém)

- s-rl;'|C2C3_1Ysr A(ls - s1r;'|C2C3_1 (Nxs (qs 5 qs > Ms ) - Nxs (qs > qs > 0) - Qsés) (3 1)
+AalT; G +AOT T, 0, +C,C, AdI T 6, +C,C, ' ABT T, 6,

Since s, =—s,,, (31) can be written as

v = _S-rrn (Km + C2C371Ks )Sm + s-lr;lYmrAam + S-rrn (Nxm (qm »qm >Mm ) Nxm (qm ’qm ,0)— Qmém)

+ SI C2C3_1YsrAas + SI C2C3_1 (Nxs (qs » qs >Ms ) - Nxs (qs > qs ’ 0) - Qsés ) (32)
+AQI T, G +AOT T, 0 +C,C 7 Al T d, +C,Cy ' AOT T, 6,

Using Lemma 1, (32) becomes

V <—sp (K +C,Cy 'K sy, + 51 Y Ady —s5Q A0

m =mr

+5.C,C; 'Y, Aag —s! C,C,7'Q A0 (33)
+Aal T G +AOTT, 0 +C,C, Aal T La, + C,C,7'A0T T, 6,
Substituting the update laws (21)-(22) into (33), we obtain
V <-si (K, +C,C;'K))s,, (34)

From (30) and (34), we know that V is positive-definite and V ois negative semi-definite. Therefore, V is

decreasing and bounded. Hence, the signals s, Aa,, A8, Aa, and A8, are bounded.

Xia Liu, DS-10-1274, 12



In terms of position tracking, the definition (11) of s, = Ax,, + AAX,, represents a stable first-order system
in Ax,, with s, as an input, which has a pole at —A in the left-half of the complex plane as A is positive
definite. Thus, the boundedness of s,, amounts to the boundedness of Ax, and Ax,. Moreover, from (34),
we have

€ig 10 (K 1 )ShSm + €19, (C,C3K )sTs

" 1 . (35)
<s (K, +C,Cy Ky)s,, <=V
Integrating both sides of (35), we get
. t 2 . L)
€10 iy (K )| [t + €05, (C,C,K ) s et
(36)

g—j;v'dt ~V(0)-V (1) <V (0) <

where eig,;, (K,) and eig,,, (C,C,K,) denote the minimum eigenvalues of matrices K, and C,C;K,,
respectively. Hence, s, = A, + AAx,, € L,, which is followed by Ax,,, Ax,, € L, . Thus, according to Lemma
2,wehave Ax;, >0 ast— .

In terms of force tracking, we already have that s ,Aa,,A0,,,Aa,,A8, are bounded and, according to the
unified closed loop (25) and Lemma 1, we get

(Mxm (qm)+C2C3_1st(qs))ém (37)
< _(me (qm’qm) + C2C371st (qs))sm - (Km + C2C371Ks)sm
+Y,,Aa, -Q,A8, —C,C;"'Y,Aa, + C,C,'Q.A0,

Thus, §,,1is bounded. Furthermore, according to (23) and Lemma 1, we have
C,(f, —f.) <M, (q)Sm + Com > IS + KinSpy — Yor A0, + QA0 (38)
Therefore, Af =f, —f, is bounded as t — 00 .This concludes the proof.

Remark 4: It is worth noting that in adaptive control, the tracking error should converge regardless of whether
the input is persistently exciting or not, i.e., model parameter convergence should not be a prerequisite for
tracking error convergence. As can be seen from the proof of Theorem 1, position tracking error converges to
zero as t — o, and the force tracking error can remain bounded regardless of the convergence of model

parameters o, a,, 0,,,and 0.

S
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4 Examples of NLP Terms in Robot Dynamics

In this section, we consider the two-degree-of-freedom revolute-prismatic (RP) robot shown in Fig. 3 to
illustrate two typical examples that involve NLP dynamic terms. The joint-space dynamics of the RP robot is

expressed as [25]
M(q)q+C(q,9)q+G(@) =7 (39)

where

2 2 0 2m,d,
M(q){ml" e 0}, C(q,c'o{ -y 202“1},
m, —h 0,0,

(myl; +m,d,)g COS(Ql)}
G(q) =
@ { m,gsin(q,)

J- —d,sing; cosq; | [—(l,+d)sing, cosq,
| dycosq, sing, | | (I, +d,)cosq, sing, |

(40)

where |, is the length of the first link, m; and m, are the point masses of the two links, g is the gravity

coefficient, @, is a variable angle corresponding to the position of the rotary joint, d, is a variable distance

corresponding to the position of the prismatic joint, d, is the total length of the robot, and q =[q,,d, .

Example 1. Stribeck effect of friction
A typical NLP structure is the Stribeck effect of friction torques at robot joints g, and d,, where the NLP

part in the joint space is modeled as [28]

2
. ;
N; = (45 — pei) sgn(G; ) exp(——- (41)
si
Here, i denotes the i joint, sy is the static friction coefficient, 4 is the Coulomb friction coefficient, and
v,; is the Stribeck velocity parameter.

For the NLP joint-level friction torque term in (41), according to (6), we get that the friction force of the

entire robot in Cartesian space as
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N
NX:J‘TN:J‘T{ ‘}

N,
sing ian(a Gy o b
4 (51 = Hc1)sigN(ay) exp(——5) + cos(q )(Fg; — Fcz)Slgn(dz)eXP(—v—z) (42)
_ 2 sl s2
| cos a, S G . Lo d?
q (U1 — He1)SIgN(dy) exp(——) +sin(q, )(Fy, — F;»)sign(d,) eXP(_V_z)
2 sl s2

As can be seen, the Stribeck velocity parameter v, and v, appear nonlinearly in (42), and N, cannot be
linearized as in Property 1, i.e., N, cannot be written as the product Ya where g, and d, are included in the
regressor matrix Y, and v, and v, are included in the unknown parameter vector a .Thus, the Stribeck

effect of friction is a NLP term.

Example 2. Effect of kinematic terms in Cartesian-space dynamics

Another typical example on NLP dynamic terms is how kinematic parameters enter the robot dynamics in
Cartesian space. It is well known that robot kinematic parameters are not linearly parameterized in Cartesian
space models. That is, Property 1 is only valid for dynamic uncertainties in general. This is due to the presence
of inverse Jacobian in the Cartesian space model. For most robots, it is not possible to extract out the uncertain
kinematic parameters in the linear fashion of Property 1. Therefore, kinematic uncertainties involve NLP
structures in Cartesian space.

According to the joint-space dynamics of the RP robot (39)-(40) and the space transformation (6), we can

get the dynamics of the RP in Cartesian space as

=Ml +cos(q)ml* o sin(gy)cos(a)mh’
- (I +d)? ’ (I +dy)?
"  sin(q, ) cos(q,)m,!,> cos(q,)myl,’
(h+d,)’ (+d)> 7
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cos(d; )sin(q;)d;, m1|12 B -1+ COS(C]lz))qlmlll2

+(=1+cos(q,”))g,m,

—cos(q,)sin(q,)¢;m,

C (, +d,)’ (I, +d,)?
' cos(g,2)gm;’ 24 cos(q,)sin(q, )¢ m, . |
——— L 4 cos m - +cos(q,)sin(g,)m
(I +d ) (@)% m, (I, +d,) (a;)sin(q,)m, g,
_sin(qg;)cos(q)ml g
B I, +d,
(cos(q,)*myl, rmg

I, +d,

(43)

It can be seen that the kinematic parameter |, appears nonlinearly in M, , C, and G, . Also, unlike Property
1, (43) cannot be written as the product Ya such that the joint positions ¢, and d; are included in the
regressor matrix Y and the kinematic parameter |, is included in the parameter vector a . In other words, the

terms involving kinematic parameters in Cartesian space dynamics are NLP terms for the RP robot.
As coping with kinematic uncertainties is out of the scope of this paper, we focus on the dynamic
uncertainties and further pursue the example of NLP terms originating from Stribeck friction in the simulation

studies in the next section.

5 Simulation Studies

In this section, simulations are done to demonstrate the validity of the proposed adaptive control scheme.

We take two identical RP manipulators similar to the one shown in Fig. 3 as the master and the slave robots.

The LP dynamic parameter vectors @, ,0, can be found as a, =a, =[m,>,m,,ml,g,m,g]" . Then,

according to Property 1, the regressor matrices Y, ,Y, can be found. The calculation of a ,a  and

mr >

Y., Y, can be found in Appendix A.

mr >
For the NLP term, we consider the Stribeck friction at the robot joints [28]-[29]. For simplicity and without

loss of generality, we ignore the LP part in the friction model and focus on the NLP part shown in (41) in

Example 1. The calculation of the parameter vectors 0,0, and the related matrices Q,,,Q, can be found in

Appendix B. In the simulations, the exogenous force from the human operator is chosen as f : =[sint,0]" and
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the selected robot parameters, friction parameters (adopted from [23]), and controller parameters are shown in

Table 1.

According to Table 1, the actual values of the LP uncertain vectors are obtained as

a =015:[1.15,2.3,22.54,22.54]T , and the actual values of the NLP uncertain vectors are

m

0, =0, :[3845.2,62,3845.2,62]T . In the simulations, the robots initial positions were set as
X, (0) =x,(0) =[0.4,0.6928]" , and the initial estimates of the uncertain parameter vectors were randomly
chosen, i.e., some initial estimates were lower than the actual values and some initial estimates were higher
than the actual values. Indeed, the initial estimates of a,, and a, were a,,(0)=a,(0)=[0.95,2.7,19, 251",
which correspond to -17.39 to +17.39% deviation from the nominal values, and the initial estimates of 0., and
0, were taken as ém (0):65 (0) =[4000, 60,3600,70]" , which correspond to -6.38% to +12.9% deviation

from the nominal values.

When the system simultaneously has LP dynamic uncertainties (i.e., uncertain a, and a ) and NLP
dynamic uncertainties (i.e., uncertain 0, and 0 ), the proposed adaptive control scheme is compared with a

conventional adaptive control scheme [16], which can only deal with LP dynamic uncertainties, given as

f,=-K,sp + Y0, +C,(f, —f,) -1, (44)
f, =K, + Y, 0, + C;(f, —f,) +1, (45)
A T A T

Oy = _ramYmrsm > U = _rasYS,Ss (46)

and with the fixed 4-channel control scheme, which is not meant to deal with any uncertainties, given as
fn = Kpsp + Cy(fy —fo) — 1, (47)
f,=-Ks, +C;(f, —f,)+f, (48)
The simulation results in x-direction are shown in Fig. 4 to Fig. 6. From Fig. 4 we can see that, for the fixed
control scheme, the position tracking and the force tracking errors are the biggest among these three control

schemes as the control method can compensate neither for LP-type uncertainties in a,,, o, nor for NLP-type

uncertainties in 0, and 6, . Comparatively, from Fig. 5 we can see that the performance of the conventional
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adaptive control is better than that of the fixed control scheme because it can compensate for the LP
uncertainties in a,, and a,. However, the position tracking of the conventional adaptive control is not perfect
yet and the force tracking error is still big as the method is not meant to compensate for the NLP uncertainties
in 0, and 6. However, from Fig. 6 we can see that for the proposed adaptive control, the position trajectories

of the master and the slave are very close to one another, and the force tracking error is bounded and quite

small, as the method is able to compensate for LP uncertainties in a,,, a,, and NLP uncertainties in 0, and

0, . Since the exogenous force f : , which acts as the excitation in the simulations, is zero in the y-direction, the

position and force profiles present good matches and are not shown in that direction.

6 Conclusions

In this paper, for a bilateral teleoperation system, adaptive controllers are designed for the master and slave
robots suffering from both linearly parameterized (LP) and nonlinearly parameterized (NLP) dynamic
uncertainties. The controllers are incorporated into the 4-channel bilateral teleoperation control framework.
Transparency of the overall teleoperation is studied via a Lyapunov function analysis and demonstrated by
simulation studies. Compared with a conventional adaptive control scheme, which is not able to deal with NLP
dynamic uncertainties, the proposed control scheme demonstrates better position and force tracking
performance despite the deviations in the LP and NLP terms in dynamics.

With respect to position tracking, we have ensured that the master-slave position tracking error converges to
zero as t — oo, while we have shown the force tracking error is bounded. Improving the present control
algorithm to ensure that the force tracking error converges to zero remains for future. In addition, kinematic
uncertainties and communication time delay are not dealt with in the scope of this paper, and will be addressed

in our future work.
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Appendix A
Calculations involving LP terms in the RP robot Cartesian-space dynamics
According to the joint-space dynamics of the RP robot (40), the transformation of the dynamics from joint

space to Cartesian space (6), and the definitions of Y, (17)-(18), we can get

M, (@)%, +Cy(q,9)x, +G,(q)

Y, (0.9, %,, X, )a

2 2012 : 2
_—myl” +cos(q, )ml, m _sin(q; ) cos(q,)m |,

d,? ? d,’?
- 2 2 X, +
sin(ql)cos(ql)mlllz COS(le)mlllz
— 2 2 + m2
d, d,

| cos(q,)sin(q,)d, m,2 _ (~1+cos(g)gml>

—cos(q, )sin(q, )d;m, +(=1+cos(q,>))dm,

d22 d22 -
X
cos(q,2)g,m 1,2 ) cos(q, ) sin(q, )¢, m; 1,2 . |
_M_k cos(q,%)d,m, _cos(@) (2ql)ql =+ cos(q,)sin(q, )m,
" sin(g)eos(@)mjg
d,
(cos(q, )’ ml; +m,g
d,

Simplify the above, and we can obtain @ and Y, as

2 T
a=[ml",m,,mlg,mgl ,

Xia Liu, DS-10-1274, 19



X1 — X, cos(2q,) — X, sin(20q;)

4.2 X, 0 0
Y, =| . . +
X, — X,y sin(2¢;) + X, cos(2q,)
X, 0 0
2d,’
| % in(20) + Gk — Gk c05(20)  —Ghdy7 X sin(20) — 610y X,y + Gy Hp cOs2a)
2d,* 2d,’ .
—G,%,; €08(20;) — G, %, — 0, %, sin(2q,)  G,d,*%,, cos(20,) + ¢,d,>%,, + G,d,>X,, sin(2q,) 0 o
2 2
| 2d, 2d,
0 0 _Sln(ql)cos(ql) 0
d2
0 0 Cos(qlz) 1 '
d2

where x,, and x,, are the two elements of x,, i.e., X, =[X,,X,,]" . Hereafter, we omit for simplicity the

subscripts M and S in the variables for the master and for the slave.

Appendix B
Calculations involving friction-induced NLP terms in the RP robot Cartesian-space dynamics

In Section 4, for the NLP friction torque (41), we get the corresponding force in Cartesian space in (42) as

sin i j I - ' ;
_#(ﬂsl e )SIGN ) exp(— L)+ o) ~ Fe)signdyexp(— )
X : % 52
X = i :
cos ian(e i ign(d d
d—(ql)(/usl _ ﬂcl)5|gn(q1)exp(—\?—12) +sin(q,)(F, — F,)sign(d,) exp(-—%)
: E 2
According to the multiplicative form in (7), we have
sinl
_ﬂ(ﬂsl = Her)  c08(Q)(Usy — Hea)
_ |:R1 } _ d
IR, || cos i |
’ #(ﬂsl - /ucl) Sln(q] )(/152 a 'UCZ)
2
. [ Hs1 = Hey |
sign(ql)exp(—j%r S
1
T:T1:T2: S; ’n:nlznzz V_2
sign(d, ) exp(——%) )
y 1
s2 2
L Vs2 i
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Since R, , T, are Lipschitz in n, and R, , T, are Lipschitz in n,, the related variables in Property 3 and

Lemma 1 are obtained as

A = SH;(ql) s A12=|COS(Q1)|a A3 =0, A, =0,
2

AN:%(%), A22:|sin(q1)|, Ay =0, Ay =0,
2

211 =212=221 =Zzz=0’ 2132223=q125 Z14=224=d22-

Then, according to the definitions of A; and Z; in Property 3, we have

A =max(A1,Az,A3,A4>=max<@ 05(0)).0.0).
2

A =max(A21,An,A23,Az4)max(%““) sin(@),0,0),
2

Z, =2, =max(0,0,6/,d3).

Furthermore, according to the definitions of ®, w, Q in Lemma 1, we also have

1 1 5
(Hs — Moy + Mgy — Heo +_2+T)
0 =0 = Vo Vs
1= Y2~

1 1
Hsg —Hoy T Hp —Heo + —+——
sl Vsz

1 1,]
(/Jsl — Moy T Mgy — Heo +_2+T
sl Vsz
1 1
Hsi — Hey + Mgy — Heo +_2+T
0= Vsl Vsz s
1

1 2
(/Jsl — Mo T My — Heo +_2+_
sl Vsz

1
Hsi — Moy + Mgy — Heo +_2+_
L sl Vsz i

w=|AZ 2A]w,=[AZ, V2A],

{sgn(sl)wl o 0 } sgN(s)AZ, V2sgn(s)A 0 0
Q= = |
0 0 sgn($)W, | [0 0 sgn(s,)AZ, ~2sgn(s,)A,
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Table 1: Parameters of the robots, friction terms and controllers

figl. Block diagram of a general bilateral teleoperation system

fig2. Architecture of the proposed 4-channel adaptive teleoperation control approach
fig3. Revolute-prismatic robot

fig4. (a) Position tracking

fig4. (b) Position tracking error

fig4. (c) Force tracking

fig4. (d) Force tracking error

fig4. Fixed control scheme, which is not designed to deal with any uncertainties.
fig5. (a) Position tracking

fig5. (b) Position tracking error

fig5. (c) Force tracking

fig5. (d) Force tracking error

fig5. Conventional adaptive control, which merely deals with LP dynamic uncertainties.
fig6. (a) Position tracking

fig6. (b) Position tracking error

fig 6 (c) Force tracking

fig6. (d) Force tracking error

fig6. Proposed adaptive control, which deals with both LP and NLP dynamic uncertainties.
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Table 1: Parameters of the robots, friction terms and controllers

m2 Il g Hi Hei Vsi
23kg  0.5m  9.8kgm/s* 3.5Nm  0.49Nm  0.189s®/rad?

KS ram ras r9m FHS C2

101 0.051 0.051 0.051 0.051 3001

0.11

3001
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figl. Block diagram of a general bilateral teleoperation system
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fig2. Architecture of the proposed 4-channel adaptive teleoperation control approach

Xia Liu, DS-10-1274, 28



Vi

\'\// 'I/\

a,

"><

fig3. Revolute-prismatic robot

Xia Liu, DS-10-1274, 29



Position tracking[m]

10
Time[sec]

fig4. (a) Position tracking
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fig4. (b) Position tracking error
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Fig. 4 (d) Force tracking error

figd. Fixed control scheme, which is not designed to deal with any uncertainties.
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fig5. (a) Position tracking
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fig5. (b) Position tracking error
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Fig. 5 (d) Force tracking error

fig5. Conventional adaptive control, which merely deals with LP dynamic uncertainties.
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fig6. (a) Position tracking
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fig6. (b) Position tracking error
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fig6. (c) Force tracking
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fig6. Proposed adaptive control, which deals with both LP and NLP dynamic uncertainties.
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