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Abstract: The present paper concerns the synthesis of robot movement control systems in the cases
of disturbances of natural position constraints, which are the result of surface susceptibility and
inaccuracies in its description. The study contains the synthesis of control laws, in which the
knowledge of parameters of the susceptible environment is not required, and which guarantee
stability of the system in the case of an inaccurately described contact surface. The novelty of the
presented solution is based on introducing an additional module to the control law in directions
normal to the interaction surface, which allows for a fluent change of control strategy in the case of
occurrence of distortions in the surface. An additional module in the control law is perceived as a
virtual viscotic resistance force and resilient environment acting upon the robot. This interpretation
facilitates intuitive selection of amplifications and allows for foreseeing the behavior of the system
when disturbances occur. Introducing reactions of virtual constraints provides automatic adjustment
of the robot interaction force with the susceptible environment, minimizing the impact of geometric
inaccuracy of the environment.

Keywords: robotic manipulator; adaptive control; Lyapunov stability; position/force control; flexible
environment; uncertain environment

1. Introduction

In recent years, in the field of robotization, rapid growth has been observed in appli-
cations of manipulator robots in tasks that require simultaneous execution of a desired
trajectory and the interaction force of the end-effector with the environment. In terms
of industrial applications, this refers to, inter alia, questions regarding the robotization
of mechanical processing [1-4] or certain assembly tasks, but also a complex issue of
the cooperation between robots and humans. A tendency towards precise force control,
necessary for the correct execution of the assigned processes, is observed. In the field of
industrial applications, these processes are mainly grinding [5], beveling [6], polishing [7,8],
assembly [9,10], and friction welding [11,12].

The performance of the aforementioned tasks requires simultaneously executing
movement in one direction and exerting force in the other direction. For instance, polishing
of a surface may be performed as a result of the movement of the polishing tool on the
surface and exerting force on it at the same time. From the perspective of the theory of
robot control, the discussed problems refer to the control of systems with partial movement
constraints [13,14]. From the point of view of mechanics, this is the solution to the problem
of inverse dynamics of the system with imposed geometrical constraints. In the case of a
manipulator robot moving in a free working space, that is, without contact between the
end-effector and the environment, there are no constraints regarding the robot’s position
and it cannot develop any forces. If contact with the environment occurs, the movement of
the robot is constrained and interaction forces, which need to be controlled, occur at the
contact point.
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Each task connected with the contact between a manipulator robot and the envi-
ronment is characterized by a set of constraints, which result from the mechanical and
geometric characteristics of the task [15]. For every task, the so-called generalized surface
with position constraints along directions normal to this surface and force constraints along
directions tangential to them may be defined. Such constraints divide possible movements
of the end-effector into two orthogonal sets, whereas these movements must be controlled
in accordance with different criteria. Friction forces acting in the tangential surface and
resulting in the disturbance of natural force constraints constitute disturbances in the
position control system and reduce the quality of control. In practice, natural position con-
straints may also not be rigidly maintained, e.g., due to susceptibility or inaccuracies in the
description of the contact surface. Therefore, local movements of the end-effector in normal
directions, which are the result of exerting force onto the surface, may occur. Significant
and unknown susceptibility of the environment occurs in the case of, among others, the
processing of thin-walled component parts. By comparison, the case of an inaccurately
described surface of the environment originates from robotization of the processing of
castings, which due to the phenomena connected with shrinking during solidification,
have significant size and shape deviations.

Currently in industrial robotics, two main strategies for force control are applied in
robotized processes of mechanical processing [16]. The first is based on maintaining the
desired interaction force with a constant motion velocity and the trajectory is automatically
adjusted to the shape of the contact surface (Figure 1a). A disadvantage of such a solution
reveals itself in the example described below. If the processed surface is processed with
the use of a tool with a small contact surface and if there is a cavity in the surface, it will
be deepened with each passing of the tool, which is a consequence of exerting a constant
pressure force and automatic adjustment of the trajectory to the surface [17]. Nonetheless,
this method gives good results in applications such as polishing or grinding, when in
the processed surface there are no significant cavities and the tool has a large operative
surface [16].

Force sensor Force sensor

Robot arm Robot arm

Constant speed
—_—

Variable speed
—

Pl P2 P2

. Rectilinear path
Controlled force Constant force

(a) (b)

Figure 1. Main strategies for force control applied in industrial robotics: (a) The strategy of maintain-
ing a given pressure force; (b) the strategy of adjusting the feed speed to the motion resistance.

The latter control strategy [16] is based on the movement of the end-effector of
the robot along the desired trajectory regardless of the shape of the processed surface
(Figure 1b). The variable value is velocity, which is dependent on the resistances of move-
ment. If there are significant allowances in the processed surface, large resistances of
movement occur and the velocity decreases. In this strategy, the pressure force is not a
controlled value. It depends on the desired trajectory and the actual shape of the contact
surface. This strategy is similar to the methods of processing with the use of a CNC [18],
but the difference is that the advance velocity is dependent on tangential forces. A dis-
advantage of this method is that there is a possibility of the lack of contact between the
end-effector and the surface if the desired trajectory diverges significantly from the actual
location of the contact surface, which may lead to system failures [16]. Sometimes, basic
control strategies in commercial applications are modified to introduce a certain flexibility
in their execution [4]. Nonetheless, they are still two separate strategies.
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Disadvantages of these solutions derive from the fact that in each of them only one
criterion is taken into consideration, on the basis of which the control error is defined. This
is the desired interaction force or the assigned shape of the interaction surface [16]. In the
case of performing certain procedures of mechanical processing, mainly finishing processes,
controlling the pressure force of the tool and taking into consideration the desired shape of
the processed surface at the same time is vital [7]. Moreover, in the case of processing a
surface of high susceptibility, it is necessary to take its deformation into consideration [19].
The currently developed and applied force control strategies fail to allow for taking these
requirements into consideration. Furthermore, in commercial applications, it is necessary
to position the processed surface against the robot with precision. In the case of failure
to comply with this requirement, e.g., while processing component parts of significant
inaccuracy in terms of their shapes and sizes, system failures occur [16]. One of the most
typical system failures occurs when the end-effector of the robot has no contact with the
processed surface in the precisely defined environment of the desired trajectory. The robot
increases velocity and a sudden contact with a detail takes place or the driver cancels
the task.

In the field of robotized mechanical processing [4,7,14], an important and topical
issue is the development and implementation of a strategy for movement control, which
could provide an appropriate quality of mechanical processing, despite the occurrence
of phenomena that are not modelled, e.g., caused by significant errors in the description
of the geometry of the processed component parts (connected with the uncertainty of
their location regarding the robot) or local disturbances of their surface [20-29]. The
present paper is concerned with the synthesis of movement control systems in the cases of
disturbances of natural position constraints, which are the result of surface susceptibility
and inaccuracies in its description. The study includes the synthesis of control laws, in
which the knowledge of parameters of the susceptible environment is not required, and
which guarantee stability of the system in the case of an inaccurately described surface.

2. New Approach to the Problem

In the paper, a new approach to the problem of control of a robot in interaction with
the environment is described. A control strategy that combines two basic strategies is
proposed. Nevertheless, this approach is not a simple combination of two strategies known
from scientific writings [17,30] or industrial applications [16]. One of the component
strategies is based on maintaining the desired interaction force with a constant motion
velocity, while the trajectory is automatically adjusted to the shape of the contact surface.
The second component strategy is based on executing the desired trajectory regardless of
the shape of the processed surface. The combination of these two strategies on the basis of
cooperation introduces cooperation between them, therefore, the requirements of each of
the strategies are executed in a “soft” way. The proposed method may be closer to either of
the strategies, depending on the introduced project factor. This is the amplification factor,
which is responsible for regulating the priority to exert force or position.

If the theoretical description of the surface and the programmed trajectory in the
normal direction that results from it are consistent with the actual shape of the processed
surface, the first basic strategy is executed (Figure 2a). This is an extreme case of system
operation and control is aimed only at the control of the down force in a direction normal
to the surface.

If the shape of the surface diverges from theoretical assumptions, the importance of
the second basic strategy, the activity of which is dependent on the differences between
the programmed trajectory and the actual trajectory in the normal direction, that is, the
trajectory execution error J. This is executed by introducing an additional control module
U,, which may be understood as a reaction of the virtual interaction surface. This com-
plements the actual reaction force in the situation of an unforeseen change in the shape
of the processed surface (Figure 2b). The control error is defined in a way that leads to
the cooperative connection of both control strategies, which means that in the case of
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distortions in the shape of the surface, none of the basic strategies will be fully executed,
but the state of “balance” between the strategies will be achieved. This protects the system
from the “extreme” activity of each of them. The disadvantages of basic strategies, which
would occur if they were applied individually, are not revealed. This also allows using the
advantages of the two basic strategies by means of fluent passage from one to the other.
The activity of component control strategies and the result of their cooperative combination
are presented in Figure 3.

Desired force Robot end-cffector Robot end-effector Desired force

Theoretical
Theoretical constraints

constraints

Actual constraints Surface

Actual constraints Surface b7 eometry
Deformation ﬁf:;fjgy Deformation T disorder

of constraints of constraints yirtyal reaction
of constraints
(control input)

(@) (b)

Figure 2. The activity of control strategy in the case of distortions in the surface: (a) Movement on
the surface without distortion; (b) movement on the distorted surface.
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Figure 3. Cooperative strategy for force control.

The cooperative control strategy is not a combination of the two discussed strategies
used in commercial industrial applications [16], but is a new approach to the problem.
The first basic strategy corresponds with the strategy used in commercial industrial ap-
plications (Figure 1a); it also has solid theoretical foundations and is well established
in the literature [16,17,22-25,30]. The second basic strategy fails to correspond with the
presented commercial solution (Figure 1b). It originates from the position control meth-
ods [17] and its aim is to execute a trajectory that would provide an appropriate shape of
the processed surface.

3. Dynamics of the Robot—Flexible Environment System

From the perspective of the task being performed, which is defined in the task space, it
is convenient to present the dynamics of the robotic manipulator in the same space. In most
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practical applications, the task space is related to Cartesian space. Thus, in the discussion
below, the description of the robot’s dynamics in task space is used. The dynamic equations
of the motion of a robotic manipulator in this space can be represented in the form [19]:

A(q)E6+H(q,9)E0 +B(q,9) + ¥(q,t) = U+ A, 1)

where g € R"—vector of generalized coordinates (joint coordinates), 8 € R"—vector of
task variables, A(q) € R™*"—inertia matrix, H(q,4) € R™*™matrix of coefficients of
centrifugal and Coriolis forces, B(g,q) € R™—vector of friction and gravitational forces,
¥(g,t) € R"™—vector of limited interference, U € R™—vector of control inputs, A € R"—
vector of interaction forces of the robot with the environment, E € R™*™—matrix of system
vulnerability, m—the dimension of the task space (it was assumed that the dimension of
the task space is equal to the dimension of the robot joint).
The vector of interaction forces has the following form:

PCT
=l @

where F.;, € R"™—vector of normal forces, F,r € R"~"—vector of tangent forces. The vector
of task variables has the following form:

cr m
9—[Fen]€R, (©)]
where ¢; € R"~"—vector of tangential displacement. This decomposition of the vector of
interaction forces A and the vector of task variables 0 results from the decomposition of
the m-dimensional task space {C} into r-dimensional normal subspace {N} and (m —r)-
dimensional tangential subspace {T} [31,32]. The vulnerability of the surfaces limiting
the movement of the robot tip is included in the dynamics description because the system
vulnerability matrix has the following form:

E— I(mfr)g(mfr) 1()) c Rmxm, @)
e

where P, = R"*"—the environmental vulnerability matrix.

Equation (1) describes the system dynamics in task coordinates and is a function of
kinematic motion parameters in tangential directions and forces in normal directions. The
presented description of the dynamics of the system in the task space related to the surface
of the environment facilitates the definition and implementation of the task to be performed
by the robotic manipulator, i.e., the implementation of the motion with the pressure of the
end-effector. The simultaneous introduction of variables related to motion and normal
forces of interaction to the task variables vector describing the system state allows the
use of the same control methods, e.g., with regard to non-linearity compensation for both
position and force control. The paper [19] provides information on the transformation of
the dynamics description from the robot’s configuration space to the task space, and then
the decomposition of the task space into tangential and normal subspaces.

4. Adaptive Position/Force Tracking Control

This section proposes a control strategy that can be called cooperative because it
combines two different control strategies on the basis of cooperation (Figure 3). The
purpose of this approach is to supplement one strategy by the other in situations in which
a given elementary strategy applied individually leads to unfavorable behavior of the
robot. To properly implement the strategy, the work involved the direct measurement of
interaction forces using a force sensor placed in the robot’s end-effector. This ensures correct
implementation of the feedback loop in the force control, even when the surface of the
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environment is not known exactly. The adaptive control algorithm presented in this section
is based on the assumption of knowledge of the structure of the system dynamics model.
Implementation of a cooperative control strategy requires the assumption of nominal
contact surface geometry (determination of theoretical constraints), desired trajectory of
motion and force, and knowledge of the current position of the robot’s end-effector.

Assumption 1. For dynamical system (1), the following trajectories are given:

- Limited trajectory of motion of the robot’s end-effector in the tangential plane c.4(f) € R™™",
crd(t), €ra(t);

- Limited force trajectory in normal directions Fopg(t) € R”, Fopy(t), Fona(t);

- Limited nominal trajectory of motion of the robot’s end-effector in normal directions cy nom (1) €
R”, ¢ nom (t), €n nom(t), which results from the assumed surface shape.

Assumption 1 concerning simultaneous knowledge of the description of the nominal
motion path and the force trajectory in the same direction (normal) is a significant difference
in comparison to the assumptions formulated in typical issues related to position/force
control. It also allows the definition of a modified control objective, by an appropriate defi-
nition of the filtered tracking error, which in the case of taking into account the inaccuracy
of constraints must be different than in the case of knowing the environment surface or
omitting its inaccuracy.

To define the control objective, control errors were introduced, where:

ZT =Crq4 — C1y (5)
is the error of motion in the tangential plane, and:
?en = Feng — Fen, (6)

is the error of force in the normal direction. An auxiliary variable { € R’ is defined
such that:
0 = ¢n — Cnnom — 00, (7)

which is related to the difference between the nominal position of the robot end-effector
¢n nom resulting from the theoretically existing constraints and the real position ¢ in the
normal direction. That is, ¢ is the deviation of the end-effector from the assumed constraints
in the normal direction. In detail, it should be added that the expression y = K, 1F, 4
is the predicted surface deformation derived from the pressure force F,,. With high
surface rigidity, this deformation is negligible, but for more flexible elements its inclusion
is necessary.

In the case of disturbances of geometrical constraints, the system will be stimulated
by disturbances related to surface inaccuracies. To illustrate this, Figure 4 shows the case
when the end-effector of the robotic manipulator remains in contact with the surface of the
environment, but the shape of this surface does not correspond to the nominal path ¢ ;0.

Theoretical
Robot end-effector Con\'lminl(s‘
nT Desired force ; ‘
T
E 4 >
Chnom m
A\ 4
o «
n b() i h
A4 A 4 :
Actual
Deformation constraints

of constraints

Figure 4. The operation of the cooperative force control strategy in the case of surface inaccuracy (
is a variable characterizing the inaccuracy of the real contact surface).
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The aim of the control is to follow the trajectory of motion, i.e., to minimize the motion
error ¢, and to follow the force trajectory, i.e., to minimize the force error F., if the real
and nominal constraints match (6 = 0). In the event of their non-compliance, the goal is to
minimize the error F.,, — wsd, which is a combination of force error and deviation error
from the nominal constraints. This allows for the introduction of a cooperative control
strategy in the normal direction, which for the co-operation gain matrix ws; = 0 changes
into the force control strategy, whereas for w; > 0 the importance of the strategy for
maintaining the nominal motion path in the normal direction is strengthened in the case of
imperfections in surface contact. If the real and nominal constraints match, the deviation
¢ = 0 and only the force control strategy is implemented independently of the ws matrix.

To achieve the control objective, a filtered tracking error was introduced:

- [ = ] , (®)

in which: _
St =C1+ AcCy, )
$u = Fon — w50 + Ay (Fop — 038), (10)

where A, € R("=7)x(m=7) and A, € R are diagonal gain matrices, ws € R™" is the
co-operation gain matrix. Expression (10) introduces a new approach to the problem of
control in the normal direction to the surface of constraints. Compared to the approach
presented in papers [19,33], in which the generalized error s, for normal directions depends
on the force error and its derivative, here it also depends on deviation § from the desired
nominal motion path in the normal direction and from the derivative 5.

Equations (8)—(10) make it possible to write the filtered tracking error with the form:

CT T oA ] [ “ }
S = < . + = ’ 11
Fon— wsé |: 0 Ay F., — wsd (11)
and then convert it to the form:
. Crd Ar 0 [ cr }
0=— . |+ ~ , 12
ot Fopg — w56 [ 0 Ay ] Fen — wsd (12)

By introducing Equation (12) into Formula (1), a description of the dynamics as a
function of the filtered tracking error was obtained:

A(q)Es = —H(q,q)Es + A(q)E9 + H(q,q)Eo + B(4,q) + ¥(g,1) ~ U~ A, (13)

where there is an auxiliary variable that has the form:

Crd Ar 0 &
= | i S F : 14
v lpmd—w(;(s] { 0 AnHFen_wﬂs] (14)

The non-linear part of Equation (13) is designated as:

A(q)E0+H(q,4)Ev+ B(q,9) =, (15)

where f € R" is a function dependent on both the robot mathematical model and the
environment. In particular, it depends on unknown robot parameters and unknown
rigidity of the environment, but also on its possible inaccuracies. Finally, the description of
the dynamics of the system has the following form:

A(q)Es = —H(q,q)Es+F+¥(q,t) — U — A. (16)
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Next, the control law including the PD controller, the non-linearity compensating
control f € R™, the term compensating the interaction force A, and the robust term r € R™
was assumed:

U=Kps+f—A—r, (17)

In the control law, the expression Kps is a form of PD control, where Kp € R™*™ is a
gain matrix such that Kp = KI, > 0, and function f approximates f. The third part of the
control law introduces feedback from the forces of interaction of the robotic manipulator
with its environment in all directions. It is important to clarify the form of the first two
parts of the control law that introduce differences in relation to the typical control laws.
Regarding the first control part, it is possible to decompose the Kp matrix according to
the equation:

| Kpr 0
ko= | 5om 0| 18)

and the Kps part is written taking into account using Equation (11) as:

+ KDT 0 AT 0 _ E‘(
0 KDn 0 An an — w55 !
(19)

where Kp, € Rm=1)x(m=1) and Kp,, € R"™*" are diagonal gain matrices. Then, Equation
(19) is written in the form:

[

Kps = |: Kpr 0 :| - .
Fcn—W5(5

0 Kp,

(20)

[ KDTE T+ KDTATET ]
KDS = P

KpuF en + KppAnEen — Kppwsé — KpyAyw;é

from which it follows that, in comparison to a conventional force control containing only the

elements Kp,F ¢ + Kp, Ay Fe,, the equation also has the part—Kan(g(s — KppAywsd. It
can be written in the form —KCS — K 6. Then, K, = Kp, A, w; is the effective proportional
gain coefficient, which can be understood as the coefficient of the virtual resilient resistance
force, and K. = Kp,ws; is the effective differential gain coefficient, which can be understood
as the coefficient of the virtual viscous damping force. To summarize, it should be stated
that, in the case of surface inaccuracy, the control —K.6 — K6 becomes active, replacing
the surface effect in such a way as if it had a coefficient of resilience K} and damping K..

The part f was introduced into the control law of Equation (17) to compensate for the
non-linear function f, which depends on, inter alia, the inaccuracy of the surface J, not just
from the force error F,,,. The non-linear function can be decomposed into two parts, one of
which corresponds to the tangential directions and the other the normal direction:

an!

where:
fo =Df € R
fu=Duf e R’
D, = [ I(mfr)x(mfr) 0 } € RUm=rpxm (7
D,=[0 I | €R™"

(22)

The constituent functions f,. and f,, described by System (22) can be approximated
with the help of various techniques [34-38]. In the next subsection, one of these, which is
an adaptation method, is presented.

The remainder of this section describes the stability of the adaptive control algorithm,
which was introduced to avoid the problem of not knowing the object parameters, assuming
knowledge of the structure of mathematical model of object.
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Using the linearity of the f, and f, functions with respect to the parameters, the
following were written:

f = D:A(q)E0 + D:H(q,q)Ev + D:B(q,9) = Y<(q9,4,v,9)p,, (23)
Ynl (q/ q/ vl i’)Pm

f, = D,A(q)Ev + DnH(q, q) Ev+D,B (q, q) =1 Yy (q, q,0, i))pni , (24)
an (qr i]z 0, i))pm‘

where the matrices Y- (q,4,v,0) € R(m=7)xBT and Y,,; (9,9,0,0) € R*P are called regres-
sion matrices, p, € R"T and p,; € R" are vectors of unknown parameters, bt, bni are the
dimensions of the parameter space, and i = 1, ..., r. The approximation of the functions
f. and f, by f. and f, depends on the estimation of the vectors of unknown parameters,
which is written as follows:

i YT (q/ ‘:]/ o0, v)f’T
Yu1(4,4,0,9)p,
o[ fe } : ,
— ~ — . N , 5
/ [fn Y,i(9,9,0,0)P,, (25)
L Y (q9,9,0,9)p,, |
where:
f'r =Y (l]/ qlvl T))f’T, (26)
o= Yl 908, o

A

and p. € R'T, p,. € R are parameter vector estimates.
Assuming the control law of Equation (17) and taking into account relationships of
Equations (21)—(27), a description of a closed system was obtained in the form:

[ Y‘L’<q/‘?/vr?)éﬂl—

Y1(4,4,0,0)P,
A(q)Es = —H(q,q)Es — Kps +r+ C o |+, 28
(@) (9.9) D Yi(4,4,0,9)F, (a.t) (28)

L an(‘]rq/vri))ﬁn, J
where:

ﬁT =P Po (29)
ﬁni = Pui 7?’;11" (30)

are errors of parameter estimates. Formula (28) is a description of a closed control system
as a function of the filtered tracking error and errors of parameter estimates.

In the case of inaccurate surfaces, the analysis of asymptotic stability has no practical
justification, which is why proof of the practical stability of the control system is presented.
To this end, appropriate assumptions were made.

Assumption 2. There is limited interference on the dynamic System (1):

ron =[5 | e



Robotics 2021, 10, 32

10 of 27

where ¥ (q,t) € R™", ¥ (q,t) € R', and by, by,; are known constants such that ||¥=(q,t)|| < be
and |[¥(q, £)|| < by

Assumption 3. The vector of filtered tracking error in the form of Equation (11) can be decomposed
according to the equation:

_ | st
=], )
where st € R™ ", sy =[S0 ... Spi ... Sur ]T ER.
Assumption 4. A robust term in the control law of Equation (17) can be decomposed in the
following way:
=] 33)
where: K
Yt = *isﬂ (34)
St
— Ko (35)
E n1|

and K¢ > bT > ||Yf(q/t)||/ Kni > bni > |1Fni(q/ )|

Assumption 5. The parameter vectors are limited so that:
||p1—‘ ‘ < Pt max, (36)
||pniH < Pni max- (37)

Assumption 6. The parameter adaptation law takes the form of the equations [37,38]:
A . T -~
Pr=IYe(q,9,0,9) st — kellscl|| TP, (38)

. N .
Pri = LuiYni (4,9,0,0) " Spi — Knilsni | i i, (39)

where Iy =TI >0, I,; = I’nTi > 0 are design adaptation gain matrices, kr > 0 and k,; > 0 are
design parameters.

Theorem 1. If the dynamic system described by Equation (1) is controlled by Equation (17) and
Assumptions 1-6 are fulfilled, the filtered tracking errors sy and s,,; and estimation errors p._ and
p,.; are uniformly ultimately bounded with practical limits given by the right-hand side of the
Equations (55)—(58), respectively.

Proof. The description of the system given by Equation (1) was transformed into a descrip-
tion in terms of the filtered tracking error of Equation (16), and after the introduction of
the control law of Equation (17), a closed system description (Equation (28)) was obtained,

including disturbances and a robust term. To demonstrate the stability of the closed system,
the Lyapunov stability theory was used. The function was assumed:

V= TETA(q)Es + + Zl 1 Pezlpr];irn;lﬁni/ (40)

where P,;; is an element of the matrix of environmental vulnerability. By calculating the
derivative of Function (40) with respect to time the following was obtained:

. 1 .
V = osTETA(q)Es + STETA(q)ES + prIc e + Yy PeiiPyillyi i 4

Taking into account Equation (28) in Equation (41) the following was written:



Robotics 2021, 10, 32 11 of 27

i YT (q/ 1:1/ vl v)gr
Y (g, q, v,0)Py

Vv = 1sTET|A(q) — 2H(q,q) |Es — sTETKps + sTETr + sTET¥ (g, t)+sTET
2 [ (q) (q q)} b (q ) ”” (q’ ql 9,0 )pm (42)

an (% q,9,0 )pnr g
pT pT+Zl lPEZzpnz pm
Given that ET = E, the fifth element of Equation (42) was transformed into the

following form:

Ye(q,4,0,0)p; ] T Ye(q,9,0,0 )pT
nl(q,q,v, )P equ(q,q,v, VP

TET : _.T : 43
° m(q,q,vr )Pm ° Peii m(‘M/Ur )Pnz #3)

an(q,q,v, VP Perran(q,q,v, V)P

In addition, the expression ET [A(q) —2H(q, q)} E is a skew-symmetrical matrix (see
Property 5 in [19]), therefore the following relationship emerges:

sTET [A(q) - 2H(q,q)] Es = 0. (44)

Taking into account Equations (4), (32), (43) and (44), the following equation
was obtained:

V:_[ s”%r 5171‘ ] I(m—r)g(m—r) 12 ]KD|: :'T } + [ SZ SrTz ][I(m—r)x(m—r) 0 }[‘I’(q,t)—l—r]—l—

e 0 P@
YT (ﬂl/ q/ ?)/ ’i))?7~
Pr1Y1(9,4,0,0)P

: . (45)

T T : =

[ St Sy ] PeiiYni (q, ql U/i’)ﬁm‘ +PTT pT + Zz 1 Cllpnz pm

L PereYur (q/ i], 0, b)ﬁnr _
and substituting Equations (31) and (33) the description was obtained:
V — 7[ 5-7; SZ } I(mfr)x(mfr) 0 Kp. 0 St + [ SI SZ; ] I(m—r)x(mfr) 0 YT(qrt) +rr

0 P, 0 Kp, Sn 0 P, Y.(q,t)+ 1, (46)

pr | Ye(a,4,0,0) se + T | + Koy b [siPeisYoi (4,4,0,9) T + Paiily o]

in which the matrix Kp was replaced by submatrices Kp; € R(m=r)x(m=1) and Kp,, € R"™*"
such that:

[Kp: ©
KD_[ o Kpn]‘ (47)

Substituting the parameters adaptation laws of Equations (38) and (39), the following

equation was obtained:

V = —sIKpesy — sEPeKppsy + s ¥ (g, t) + sTrr + Yy 0iPoii¥ni (G, 1) + Ty SniPeiitmi + k| |se|[PLp .+ (48)
21:1 Pezzkm |Sm |pmpn1‘
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Taking into account the following limitations:

Pipe = Pr(pe—P0) = Pove — Pabe < Pl pell = 1Bl < Bl [pomax — 1B, (49)
Poifni = PriPi = Pui) = Puini = Prii < Bl 112l = 1Bil 1> < 1Bl Primax — [Pl (50)
and robust term elements of Equations (34) and (35), Equation (48) was transformed into
the form:

V S _KDTminHST| |2 - ?:1 PeiiKDniilsni|2 + kr| |ST| | <| |;T| |pT max — ||;T| |2> +

_ B (51)
L1 Peitkni il (1ol 1P ax = 1Pl ).

where Kpi, is the minimum singular value of Kp+. Inequality (51) was transformed into
the following form:

V < _HSTH[KDTmil’lHSTH "‘kTHﬁTH(HIN’TH — Pt max)] - 2::1 |Sni|[PeiiKDnii|sni‘ + PeiikniHﬁniH(HﬁniH ~ Pni max)]' (52)

The function V is negative if the expressions in square brackets are positive. These
expressions are written as follows:

Pt max )2 ks P% max (53)

KDTWIZ‘?IHSTH+kT||?T||<||ﬁT||7meax):KDTmi'fl‘lsT||+kT<||ﬁT‘|7 2 4 7

~ ~ . . 2 p2.
PeiiKppiilsuil + Peiiknil [P il ([P il |l = Pni max) = PeiiKpniilsnil + Peiikni(HpniH - M) — Pyjjkp —11E - (54)

2 4
They are positive if the errors meet the following inequalities:
kTP% max —
|[s|| > Koy bst, (55)
knip?;
|5ni| > W = bsni, (56)
nit
or:
||I—~77H > Ptomax = bpr/ (57)
Puill > Pnimax = bpni/ (58)

It follows that V is negative outside the compact sets defined by Equations (55)-(58).
According to the extension of the standard Lyapunov theory [36-38], it can be concluded
that ||sz||, |suil, ||P||, and ||p,,;|| are uniformly ultimately bounded and the control system
is stable. Therefore, the filtered tracking error s and its derivative are limited, similar to the
vectors of parameter estimates p_and p,;.. U

Remark 1. Equations (34) and (35) actually depend on the signum function as required by strict
mathematical proof. To avoid chattering, the steeply sloped hyperbolic tangent function can be used
in simulations and practical applications to approximate the signum function.

Remark 2. The algorithm does not require assumptions about the inaccuracy of the actual surface.

5. Simulation Results

A model of a robotic manipulator was constructed, whose kinematic structure is
shown in Figure 5. It is a robot with a three-link arm, at the end of which there is an
end-effector with two degrees of freedom. The arm is used to reach the desired position,
and the orientation of the robot’s tool is accomplished by adjusting the end-effector. The
end-effector is not driven directly by motors mounted on the robot arm, but by motors
located in the base using a drive train. This results in the fact that the orientation of the
end-effector does not depend on the position of the arm. Thus, the orientation of the
end-effector can be set by locking its drives in the selected positions. In this situation, the
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yp, [m]

robotic manipulator can be treated as a system with three degrees of freedom. Details on
kinematics, dynamics, and parameters used in the simulation are given in Appendix A.

Path

u

\~_,} ! é ?rcesmc; é
Yo force | e

A |

N S g | § /
__________________ ¥ =
// X
" < 7

Figure 5. Model of a robotic manipulator in contact with a flexible environment: OgE = dy, EA =13,
AB = Iy, Bc = I3, CD = ds—geometrical parameters characterizing the robot arm; 41, 42, 3—
angles of link rotation assumed as generalized coordinates; 1, uy, u3—input moments; K,—stiffness

w

coefficient, y—coefficient of dry friction.

It was assumed that the end-effector should move on a flat surface lying in the plane
7t parallel to the plane xgyo and distant from it by w. The end-effector of the robot should
simultaneously exert pressure perpendicular to the contact surface.

The desired motion path of point D is shown in Figure 6a,b, and the profile of the
desired velocity of motion is shown in Figure 6¢c. The positional trajectory obtained from
the solution of the system of Equation (A26) at the assumed velocity of Equation (A27) is
shown in Figure 7 along with the desired force trajectory in the normal direction to the
contact surface. The presented control algorithm requires the nominal trajectory of motion
in the normal direction ¢; o to be given. This results from the assumed shape of the
interaction surface and, in the case under consideration, has the form ¢, ;o = w = const.,
Cnnom = 0, Cunom = 0. In fact, due to the pressure of the end-effector of the robot on
the flexible contact surface, the condition ¢, = 0 will not be strictly maintained and there
will be surface deformation proportional to the pressure force. Therefore, the expected
deformation of the surface with the coefficient of stiffness K, under the influence of the
desired force F,,,;(t) is additionally taken into account, which is expressed by the variable
00 = Fong/ Ke.

0.15 0.3 0.012 4 =~ m === m =
. 02 z o001 1]
0.05 N R — B I
0 %0}5 200043 -]
I I I I
-0.05 N 0.1 | | 1 |
0 S R R——

-0.1 1 I 1
oLs 0.05 0 20 40 60 80

o I ! I 0 T T t[s]

02 03 04 05 0y o o4 o
Xp [m] x, [m]
(a) (b) (c)

Figure 6. The desired motion: (a) motion path of point D in the xy plane; (b) motion path of point D in the xz plane; (c) the

desired velocity of motion of point D.
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Figure 7. The desired trajectory: (a) coordinates of point D; (b) pressure force; (c) nominal coordinate of point D in tangential
direction; (d) deformation of the surface under the influence of pressure force.

To test the properties of the system in the event of an inaccuracy in the surface of
constraints, a simulation was carried out assuming a disturbance of constraints consisting
in a depression in the surface of 0.001 m, which is shown in Figure 8a. Changing the surface
of constraints can also be understood as a change in the surface profile as a function of time
during the motion of the robot end-effector (Figure 8b).

01945 -------------—

_Sj) g 3 | | | |

= :0'192__.“ S -

=) *E E | | | |

S8 0.193 : L B f : :

R bt B

Q ] | | | |

% 0.186 St

0.2 0 20 40 60 80

c4=%p [m] ’ t[s]
(a) (b)

Figure 8. Disruption of the surface of constraints: (a) defect in the surface; (b) change of the surface of constraints in time
along the desired motion path.

The overall control signal in the task space is shown in Figure 9. At the moment of
surface disturbance, the control changes in such a way that the pressure of the end-effector
on the surface is smaller (from 30 to 45 s). The signals generated by individual control
subsystems are shown in Figure 10. According to the control law Equation (17), they are
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in turn: PD control (Figure 10a,b), compensatory control (Figure 10c,d), interaction force
compensation (Figure 10e,f), and robust control (Figure 10g,h).

30_: 18_'77 | | \7 |
z 15 2
ENE = | I
= 3 = 6ﬂ-****|** - - -
o -154 ] | ] | I

] N | | | |

30 Tt 0+t

0 20 40 60 80 0 20 40 60 80
t[s] t[s]
(a) (b)

Figure 9. The overall control signals: (a) in tangential directions; (b) in the normal direction.
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1.2_:____\____I____\___I 0_“ | V\VV |
— 064 i 1l — |
(<,\ _: o n | «-dm N T | I
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Figure 10. Cont.
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(8)

(h)

Figure 10. Control signals: (a) PD control in tangential directions, where upp; = Kpr15+1, uppa = Kp2572; (b) PD control

in the normal direction, where upp3 = Kp,ss; (c) compensatory control in tangential directions, where w1 = le,

Ukompz = frea; (d) compensatory control in the normal direction, where uy,p3 = fu; (e) control compensating for the

influence of friction forces; (f) control compensating for normal force; (g) robust control in tangential directions; (h) robust

control in the normal direction.

The largest control changes in the area of surface disturbance concern PD control
(Figure 10b), which contains a signal dependent on the surface inaccuracies and the control
compensating for the effect of normal force Az = F, (Figure 10f), affecting the total control
changes described earlier. The remaining control signals then show, at most, only slight

oscillations.

Figure 11 presents the realized positional trajectory in the tangential directions
(Figure 11a), the force trajectory in the normal direction (Figure 11c), and the deformation
of the surface resulting from the implementation of this force (Figure 11b). In addition,
Figure 11b shows the profile of the surface without deformation, and Figure 11c shows
the desired pressure force (marked with dashed lines). Figure 11d shows deviation of the

robot’s end-effector from the assumed constraints in the normal direction.
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Figure 11. Realized trajectory: (a) coordinates of point D in the tangential directions; (b) coordinates of point D in the

normal direction related to surface deformation; (c) pressure force; (d) deviation of robot’s end-effector from assumed

constraints in the normal direction.
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As a result of the pressure force causing deformation in the normal direction, the
actual motion path of the robot’s end-effector in the phases of realizing the down force is
shifted in relation to the assumed path. It should also be noted that in the area of surface
disturbance, the end-effector displacement in the normal direction is not proportional to
the desired force. The actual pressure force was reduced and, as a result, the increase in the
end-effector displacement was less than that of the surface disruption. In real applications,
this system action will prevent the deepening of surface losses.

The control errors obtained are presented in Figure 12. Regarding the tracking error
for the force trajectory in the normal direction, it should be stated that at the moment of
surface disturbance, the value of force error increases (Figure 12b) and simultaneously
the deviation of the manipulator end-effector increases from the assumed constraints
(Figure 11d). Therefore, the goal of minimizing the force error or the purpose of following
the end-effector along a desired path in the normal direction are not fully realized. These
goals are competitive and cannot be implemented simultaneously in a situation of surface
disruption. However, it should be noted that the definition of a filtered tracking error in
Equation (11) indicates that the simultaneous occurrence of force deviation and position
deviation in the normal direction does not contradict the possibility of minimizing this error
(Figure 12d). This approach favors finding a “balance” between the demands to minimize
the force error and minimize the deviation from the nominal surface of the constraints.

—_ 2_:7777\7777\7777\777\
f 200 e I I —
. ‘ W23
| i R R .
s RAARS -6
0 20 40 60 80 0 20 40 60 80
t[s] t[s]
(a) (b)

s, IN/s]

0 20 40 60 80
t[s]

(c) (d)

Figure 12. Tracking errors: (a) motion errors in tangential directions; (b) normal force error; (c) filtered motion errors in

tangential directions; (d) filtered force error in the normal direction.

Estimates of robotic manipulator parameters are shown in Figure 13. The analysis of
their waveforms shows that they are limited, in accordance with the proof of stability. The
biggest changes in the parameter estimates occur in the initial phase of the motion when
the control errors are greatest, and then the estimates are stabilized.
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Figure 13. Estimates of the system parameters: (a) parameters pr1, p¢3, f5, P=7, P19, Pr10; (b) parameters p,1, Pn2, Pus,
P12, Pm3 (c) parameters pro, pra, Pre, Pr8, Pri1, Pr13; (d) parameters pp3, Pus, Pne; (€) parameters prio, Pr17, Pris, Pr19;
(f) parameters P4, Pu7, Pno; (8) parameters pr14, Pris, Prie; () parameters pyig, Pu1i-

This section presents the results of simulation tests with a description, with particular

emphasis on the impact of the selected constraint distortion model on the control of a
robotic manipulator. The test results indicate that the requirements for the control system
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were met. The control system is stable and knowledge of the stiffness coefficient of the
environment is not required. In addition, the control system operates in the prescribed
manner in the presence of a surface disturbance, providing a compromise between the
implementation of the desired force and following the desired path. Depending on the
chosen value of the co-operation coefficient wy, priority is given to achieve the desired
force or nominal motion path. This is shown in Figure 14, which results from the additional
simulations performed.

0.19
0.1895
0.189
0.1885

¢, [m]

(a)
I w=I000 T _we=0 |
w000 TSPweso00 || 1
W ::q (N)(;(J(),\‘—%LWS:S()OOOE 3
— 1 I T T 1

20 40 60 80
t[s]
(b)

Figure 14. The influence of the co-operation gain coefficient w; on the task of the robotic manipulator:
(a) the coordinates of point D in the normal direction; (b) the pressure force.

Figure 14 shows the influence of the w;s gain on the operation of the control system.
The graphs presented in this figure were obtained as a result of the simulation of the
adaptive system operation at different values of the coefficient w;. Its zero value results in
the implementation of a desired force regardless of surface disturbances, i.e., classic force
control is implemented. The control algorithm is then identical to that shown in [19,33].
In turn, an increase in the value of coefficient w; causes an increase in the importance
of maintaining the nominal trajectory of motion in the normal direction despite surface
disturbances, which takes place at the expense of the accuracy of force realization. It
should be noted that the effects of the system’s action are not proportional to the increase
in the value of coefficient ws; and it is not possible to switch the system to the strategy of
controlling only the position, because this would require an infinitely large value of w;.

6. Conclusions

This article presents an approach to positional force control, taking into account
the inaccuracy of constraints, the implementation of which requires the adoption of a
desired trajectory of motion and the course of the desired pressure force, in addition to the
assumptions of the nominal shape of the surface of the environment. These assumptions
introduce a difference between the method presented in the article and the standard
control strategies used in position/force control. This approach makes it possible to
implement force control in the normal direction to the surface of the environment, which is
characterized by a kind of “flexibility” in the implementation of two elementary strategies.
Introducing reactions of virtual constraints provides automatic adjustment of the robot
interaction force with a susceptible environment, minimizing the impact of geometric
inaccuracy of the environment.
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The novelty of the presented solution is based on introducing an additional module
to the control law in directions normal to the interaction surface, which allows for a
fluent change of control strategy in the case of occurrence of distortions in the surface. By
introducing one additional cooperation amplification factor w; to the classical strategy
for force control, the strategy for maintaining nominal position was added, reducing the
importance of the force error minimization in the case of distortions in the shape of the
surface. This means of reaction of the control system is vital in the case of the interaction of
a robot with inaccurately described surfaces.

An additional module in the control law may be perceived as a virtual viscotic re-
sistance force and resilient environment acting upon the robot. Such an interpretation
facilitates the intuitive selection of amplifications and allows for foreseeing the behavior of
the system in case disturbances occur. Introducing the factor that amplifies the strategy
for maintaining the nominal trajectory by the activity of virtual constraints reaction force
allows for automatic adjustment of the interaction force of the robot with a susceptible
environment.

The proposed algorithm contains a non-linear function (Equation (25)) dependent
on variable v and its derivative o, which in turn is a function of, inter alia, § and . The
velocity error of the end-effector & can be determined based on the veloc1ty measurements

of the arm links and kinematics equations. To determine the variable 8, which depends
on the actual acceleration of the robot end-effector ¢,, a filtered and differential velocity
signal ¢, can be used in the case of a slightly noisy signal, or the signal from an additional
acceleration sensor in the robot’s end-effector can be used.
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Appendix A

The dynamics of a robotic manipulator in interactions with a flexible environment is
described by Equation (1), where matrices and vectors have the following form [19]:

Alq) = (m(q)T)
H(g.4) =1 TClq.0)] 1 - Alg)]]"
B -1 HF o) Ay

¥(q, )—I g(t)
U=J"Tu

Kinematics equations defining the position of the robot’s end-effector in the base
coordinate system have the following form:

Xp (I1 + Iycosqy + I3cosqs ) cosqq
c=k(q)=| yp | = | (lh+lcosqy +I3c0sq3)sing; |, (A2)
ZD dy + Ipsingy + I3singsz — ds

where: xp, yp, zp—coordinates of point D in the reference system; [y, Iy, I3, d1, ds—
geometric parameters of the arm; g1, g2, g3—robot configuration coordinates (angles of
rotation of the links).

Simplifying the description of kinematics to the three-dimensional task space xyz
without taking into account the orientation of the end-effector, one can consider the system
with the three degrees of freedom resulting from the mobility of the arm, ignoring the
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mobility of the end-effector. The analytical Jacobian J determined using Equations (A2) has
the following form:

—(I4 + lycosqa + I3cosqs)sing;  —Ixsingacosqy  —Izsingscosqq
(Ih + Iycosqy + I3cosqz)cosqy  —Ipsingpsing;  —lzsingzsingy | . (A3)
0 Ircosqy I3cosq3

Matrices and vectors M(q), C(q,q), F(q), G(q) results from the description of robot
dynamics in joint space [19], and in the case of the analysed three-link robot are given by
Equations (A4)—-(A12):

My 0 0
M(g)=| 0 Pe palacos(qz —q2) |- (A4)
0 palcos(g3 —q2) p7

M1 = 2p1licosqr + 2pa (11 + lrcosqa ) cosqs + 0.5p3c08(2492) 4+ 0.5p4c0s(293) + ps,  (A5)

. —bg, —cqs —bq, ._C% .
Clq.q) = b, 0  —p2bsin(gs —q2)q; |, (A6)
cqy p2lasin(qs — q2)4, 0
b = p1lisingy + palasingycosqs + 0.5p3sin(2qz), (A7)
¢ = pa(l1 + Ipcosqy )sings + 0.5pasin(2q3), (A8)
. psdy + puisign (4,
F(q) = | poiy +puosign(q,) |, (A9)
P10q; + P13518”(‘13
G(g) = [ p18C0sq2 ] (A10)
P28€0sq3
1
Zt)=1¢ |, (A11)
C3
up
u= | up |. (A12)
u3

Parameters in matrices and vectors describing the dynamic properties of the system
are as follows:

p1 = looma + lamz + hmp
p2 = leamsz + Ismp
p3 = ZEZTI’IQ + l%mg, + lsz — DIy + IZyy
Py = Zc3m3 + lzﬂ’ZD I3y + 13
ps = 0.5(Ioxx + by + I3xx + 13yy) + Iy + (l + 0.512)) my+
+ (1240512 +0. 5163)1113 + (2 +0. 512 +0.513)mp

Pe —12m22+l m22+l mD+IZZZ ‘ (A13)
p7 = l5ms +I5mp + Iz,
ps = Fn
p9 = Fp2
P10 = v3
P11 =
P12 = Pcz

P13 = Ee3
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where: m;—mass of the ith link, mp—mass of the end-effector, /;,—length of the ith link,
l.;—distance between the center of mass of the ith link and the end of the i — 1 link,
I;.)—mass moment of inertia of the ith link relative to the appropriate axis, F,;—viscous
friction coefficient in the ith kinematic pair, F,,—moment of dry friction forces in the ith
kinematic pair.

The task space of the robotic manipulator { C} was separated into the tangential subspace
{T} and normal subspace {N}, taking two tangential directions, c1 = xp and c¢z» = yp,
and one normal direction, ¢, = zp, which were included in the kinematics equation:

Xp Cr (I + Ixcosqy + I13c0s4q3)cosqy
c=|yp | = | co | = | (I1+1xc0sq2 + I3cosq3)sing; |. (A14)
Zp Cn dy + lpsingy + I3sings — ds

The velocity of the end-effector in the case under consideration is a three-dimensional vector:

érl
c=| ¢t |, (A15)
Cn

and its value is determined by the formula:

=\t (A16)

It was assumed that the interaction forces of the robot with the environment in task
coordinates are described by the following equations:

—c
UFen T Tl'z
Ferl \V Cr1tcm

A=| B | = | upp—zte_ |. (A17)
an V C‘zrl +C3’2
Kecy

in which uF., is the value of the friction force, K.c, is the pressure force, \/% and
le +&T2

\/% are the cosine and sine of the angle between the friction force and the 1; axis, and
é'{1 +612

the “~” signs in the counters of the first two elements result from the opposite return of
the friction force relative to the velocity. The first element of the interaction force vector
is therefore a projection of the friction force vector on the 7; axis, and the second element

of this vector is a projection on the 7, axis. The term uF,,——2— is equivalent to the

)
Cr1+Cr2
—|ce1lsign(c .. _ . . —|elsign (e
2 2 2 -2 .2 .2
V1 +Cr2 V1 +Cr2 Y Cr1tCr

Parameters occurring in the dynamic equations of motion of the robotic manipulator—-
environment system are given in Table A1.

expression pF,;,

Table A1l. Parameters of the robot and the environment used in simulation tests.

Parameter Unit Value
21 kg-m 0.390
P2 kg-m 0.108
p3 kg-m? 0.678
P4 kg-m? 0.384
ps kg-m? 0.684
2

D6 kg-m 0.678
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Table A1. Cont.

Parameter Unit Value
p7 kg-m? 0.390
P8 N-ms 31.65
1) N-ms 31.39
p10 N-ms 31.41
Pll N-m 1.170
plZ N-m 1.092
p13 N-m 1.098
dq m 0.35

I m 0.026
I m 0.22
I3 m 0.22
ds m 0.16
Ke N/m 10,000
U - 0.04

The force F,;, is one of the controlled variables, therefore it is required to adopt a desired

force trajectory in the normal direction F,,4(t) € RY, F,4(t), Fena(t). The desired force
depends on the process, the implementation of which requires an appropriate pressure
force. Usually, in machining processes, there are assumed to be intervals of constant
pressure force, possibly with a transitional period in which the force is to be smoothly
increased or reduced to an appropriate value. The tests assume a pressure force with a
defined maximum value F,,; ,,r, which is to be smoothly achieved, and is ensured by
assuming the desired pressure force according to the formula:

_ Fend max . Fend max , (A18)
1+exp[—wu(t —tus)] 1+exp[—wn(t —ty)]

Fend

where F,;,4 4y is the maximum pressure force, w;,, > 0 is the coefficient related to the rate
of increase and decrease in force, t,;s and t,;; determine the time of increase and decrease
in force, t € (0,70) s. The desired force meets the limit |F,,,5| < F.u4 max, and its first
and second derivatives with respect to time are limited so that \F end| < Fopd max@Wn and

\F ond| < Fond maxW?. Equation (A18) ensures that in the normal direction the desired pres-
sure force is continuously non-negative and has a continuous first and second derivative
with respect to time.

The next controlled variables are the position and velocity of the end-effector in the
contact plane. It is known that the possible velocity must be tangential to the motion path,
i.e., to satisfy the equation:

grad(h(c))ec =0, (A19)

where /i(c) = 0is the equation of the motion path. To describe a path in a three-dimensional
space requires two equations, i.e., h1(c) = 0 and hy(c) = 0, so it can be written as:

h(c) = [ h(c) ha(c) | T = 0. In the analyzed example, the contact surface is two-
dimensional, so there are two tangential directions along which the end-effector of the robot
can move. It was assumed that the motion takes place in a circle with the given equation:

I (c) = (cr1 — x0)* + 3 — R2 =0, (A20)

where xp determines the position of the circle centre and R is the circle radius. The circle
lies in the 77 plane given by the equation:

ha(c) =cn —w =0, (A21)
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where w determines the distance of the contact plane from the plane xpyo (Figure 5). The
condition (A19) can be written as follows:

9 T 9 T 0 n - _
dale) Onle) le || 2 | =0 (422)
Cn

dcpq dcrq dacn

[ dly(c)  dhi(c)  dhy(c) ] Cr1

After taking Equations (A20) and (A21) into account, Equation (A22) was written in
the form: ‘
Cr1
2(cr1 —x0) 212 0 T
Aemproh 2 O e | <o, (A2

Cn

and then as a system of two equations:
2(cr1 — x0)Cr1 + 2c226r2 = 0 (A24)
cn =0 ’

The second equation of the System (A24) results in the velocity in the normal direction
¢n = 0, which means that there is no planned motion of the robot end-effector in this
direction, and the velocity components in the tangential directions must fulfil the first
equations of the System (A24). In addition, they must satisfy Equation (A16), taking into
account that ¢, = 0. This gives another set of equations:

2(cr1 — x0)¢r1 +2c1262 =0
, (A25)

. 2 2
(=
whose solution in the form:

b = £t
o Ve?+(en—x0) (A26)

(C‘rl*xO)C ’

by = F a0
Ve +(en *x0>2

enables numerical calculation of velocity components ¢ and ¢, in addition to coordinates
cr1 and ¢ with assumed initial conditions c41(0), c+2(0), and velocity values ¢ at any
moment of time. By differentiating the Equation (A26), the accelerations in the tangential
directions can be determined.

To calculate the desired trajectory of motion in the contact plane, i.e., c4(t) =

T . . . T . - - T o

[ cear caan | ) €ra(t) = [ Coar Coan |, €ra(t) = [ Cear Coan |, velocity ¢4 was as-
sumed, whose value changes according to the following equation:

. Cdmax Cdmax
O expwe(— )] 1+ exp—we(t — )]’ (A27)
where Cjy,4y is the maximum desired velocity, w, > 0 is the coefficient related to the speed
of acceleration and deceleration of the end-effector, t-s and ¢, determine the acceleration
and deceleration time of the end-effector, t € (0,70) s. The desired velocity of motion meets
the limit |¢4| < C4pay, and the desired acceleration meets the condition |¢;] < CgpaxWr-
The parameters of the positional and force trajectory are listed in Table A2. The
parameters of the control system are presented in Table A3.
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Table A2. Parameters of the desired trajectory.

Parameter Unit Value
bdmax m/s 0.01
We ' 5
trs S 5
ka S 67

Fond max N 10
Wy g1 5
tns S 5
tnk S 67
w m 0.19
R m 0.1
X0 m 0.3371

c1(0) m 0.3371
c2(0) m -0.1

Table A3. Parameters of the adaptive control system.

Parameter Unit Value
Kpn kg/s 1
Kpr kg/s 1
Kpy s 0.002
An s1 3
Ap s 3

Ay st 35
ke - 0.01
kn - 0.01
K+ N 0.0001
K, N 0.00001
ws N/m 10000

To implement the robot’s task, a control given by Equation (58) was used in which the
gain matrices have the form Kp = diag{Kp1, Kpr2, Kpn}, A = diag{Ar1, Az, An}, and
in the analyzed case w; is a one-dimensional coefficient, which determines the behavior
of the system in the presence of surface disturbances. The system’s non-linearity approxi-

. .17
mation function is decomposed into components in the following way f = { f'_f' fn } ,
where f, = Y (9,9,0,9)p, and fu =Yy (9,4,v,0)p,, in which there are estimates p_ and
p, of the vectors p_ and p, defined by the formulae:
P = {Pl, p1Pe, p2, P2Pe, p3, P3P, P4, PaPe, 5, Ve, P6Pe, P7, P7Pe, P8, P9, P10, P11, P12/ P13]T/ (A28)

P, = [P1, P2, P2Pes D3, Pas Pe, P6Pe, P7, P7Pes P9, P10, P12s P13)7, (A29)

where the coefficient of vulnerability of the environment P, is taken into account. Matrices
of parameter adaptation gain I'- and I}, were selected as diagonal matrices:
I = diag{6.5-107%; 6.5:107%; 1.8:107%; 1.8-107%; 11.3; 1.13-10~%; 0.64; 6.4-1075; 11.4;

0.113; 1.13:10%; 1.3; 6.5-10719; 5.3-10%; 5.2-10%; 5.2-10%; 1.9-10%; 18.2; 18.3}, (A30)

I, = diag{6.5-1075; 1.8-107%; 1.8:107%; 1.13;

0.64; 0.113; 1.13-10~%; 6.5-1072; 6.5-10~%; 0.52; 0.52; 1.8-107%; 1.8-1072}, (A31)
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