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ABSTRACT This paper presents a comprehensive treatment of the complex motion control systems in
the Sliding Mode Control (SMC) framework. The single and multi degrees of freedom (DOF) plants and
applications to haptics and functionally related systems are discussed. The proposed algorithms are based
on the application of the equivalent control observer and the convergence term that guaranty stability of
the closed loop in a Lyapunov sense and enforces the sliding mode on selected manifolds. Presented SMC
design leads to a solution that easily could be modified to include majority of the algorithms presented in

the literature.

INDEX TERMS Sliding mode, motion control systems, robot control, motion observers, actuators.

I. INTRODUCTION

The Sliding Mode Control (SMC) is still attracting a signifi-
cant interest among application engineers and researchers due
to the simplicity of design and implementation. The analysis
and design of the systems with sliding modes are well pre-
sented in several books [1]-[4]. The status overview, survey
and tutorial papers [5], [6] have been published covering
many aspects of the theory. Among these works, [6] stands
aside as an attempt, to give a comprehensive guide for engi-
neers on the design solutions for real-life engineering appli-
cations in which authors discuss some analytical problems
present in a sliding mode application along with methods to
eliminate chattering. In the discrete-time implementation, the
sliding mode motion appears for a continuous (in a sense of
the discrete-time systems) control input [7], [8]. Applications
of the so-called higher order sliding modes [3], [9], the sliding
mode observers [10] in the realization of the sliding mode
control are attracting attention. Uses of SMC for networked
control systems are discussed in [11].

The application of the sliding modes to mechanical sys-
tems has a long history. Early attempts sought the direct
application of discontinuous control to motion systems with
force as control input [12], [13]. This led to claims of the
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chattering phenomena and numerous attempts to alleviate the
effects of chattering induced by switching control input [1],
[4], [6], [14]. The direct application of the SMC to motion
control systems with force (torque) as a control input is still
very popular despite the fact that discontinuous control causes
chattering. Discrete time implementation of SMC control
does not require discontinuous control [7] but it requires
calculation of the equivalent control.

In this paper the aim is to present a SMC based design
procedure in motion control tasks, which leads to a con-
troller that could be easily applied and would guaranty the
behavior expected from a robust control with sliding modes.
The focus is on (i) the implementable design solutions for
motion control tasks that could be easily applied for linear as
well as nonlinear systems affine in control, (ii) discussion of
the generic algorithms while avoiding presentation of many
solutions that in essence do not have very significant dif-
ferences, (iii) show implementation of proposed algorithms
to common motion control problems — trajectory tracking,
force control, real-world haptic systems, the haptics motion
reconstruction, parallel position/force control tasks, to name
some. The details are kept to the minimum but still provided
to the level that would make easier to follow the design. The
interested or novice control engineer is directed to [1]-[4]
for the fundamentals of sliding mode control theory and
application.
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In this paper, we present a control design methodology that
eliminates the need for equivalent control calculation, and
thus full information on state, disturbances and plant parame-
ters, or the need for high amplitude of the convergence control
term (which is discontinuous in conventional SMC) by apply-
ing equivalent control observer. Therefore, a control designer
needs to select only the convergence term that guaranties
stability of the closed loop. The parameters of this term define
the convergence in the closed loop. Therefore, the presented
approach is simple for application and tuning. Moreover, it is
shown that design approach from this paper is applicable to
most of the algorithms presented in the literature.

This paper is organized as follows. In Section 2, prelim-
inaries about sliding modes, control input selection along
with the models for different tasks of multi-body systems in
configuration and operational space are discussed. Section 3
presents the design of sliding mode controller for different
problems in motion control including new formulation of
hybrid position-force control. Possible applications are dis-
cussed in Section 4. Section 5 concludes the paper.

Il. PRELIMINARIES

In most modern discussions on the motion control sys-
tems, the actuators with their power supply are treated as
a force source so the design of the motion controller takes
forces as input and mechanism position (or some func-
tion of) as output. The numerous issues — control prob-
lems — are discussed within motion control. These problems
include position, force and parallel position/force control in
robotics [15]-[18], the control of systems that need to estab-
lish a certain way of cooperation [19], real-world haptics [20]
and the reconstruction of the haptics motion on only master
or slave system [21] are some that are mostly discussed in the
literature. In this section the properties and design of the con-
trol systems with sliding modes along with the mathematical
models used in the motion control tasks will be discussed in
some details. The aim is to set a background results for the
more detailed discussion of the sliding application in motion
control systems.

A. SLIDING MODES IN DYNAMIC SYSTEMS
The main ideas of the control enforcing the sliding mode
motion will be shown for systems described by

Mx = f(x) + Bu + h (x,¢) D

where M € R is a full rank positive definite matrix;
x € N"<1 is the state vector; B € %™ is the full column
rank matrix; u € %"*! is the control input vector; f(x) €
91 is a vector function; h (x,r) € %"**! is the exogenous
disturbance. All parameters, variables, and disturbances are
assumed bounded with known upper bounds consistent with
operational requirements. If the vector f(x) € %#"*! could
be expressed as a linear function f(x) = Ax then system
describes a linear dynamics with pair (A, B) assumed con-
trollable. As will be shown later in this section the velocity
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dynamics in motion control systems could be expressed in a
similar way as in (1).

In the sliding mode approach, the control input should be
selected to constrain the system’s motion in the manifold
o (x) =0 e N The components of the vector o (x) are
assumed continuous with G = [do /dx] € RN"™*" a full row
rank matrix.

Itis said that system (1) exhibits the sliding mode motion in
manifold o (x) = 0 if (i) manifold is reached in a finite time
t = ty, and (ii) if for ¢ > t( the system state is constrained to
the manifold.

The projection of the system dynamics into the sliding
mode manifold is described by

¢ = (GM™'B) (u—u); det (GM'B) #0
2
ued = —<GM‘1B) 'GM (%) +h(x. 1) @

The u®? (x, t) stands for so-called equivalent control [3],
[4] which enforces zero rate of change of the sliding mode
function ¢ (u = u®?) = 0. For the manifold consistent initial
conditions, o (x (0)) = 0, the equivalent control (2) applied
to the system (1) enforces the (n — m) order sliding mode
dynamics

x=M'"PEx) +h(x 1);0((x) =0,

P= [I—B(GM_IB)_IGM_I} ®

The sliding mode projection operator P satisfies two
very important relationships PB = 0 and GM™'P = 0.
In the sliding mode the system is free to move in the
tangential plane of the manifold o (x) = 0. Note that if
the dimensions of the vector x and u are the same,i.e.,
dim (x) = dim (u), then motion in sliding mode is described
by o (x) = 0. If system dynamics and the disturbance satisfy
fx)+h(x, 1) = ¢ (x,t) + By then dynamics (3) reduces
tox = M~'P¢ (x, 1) ; ¢ (x) = 0. The motion in sliding mode
does not depend on the vector 7.

B. CONTROL INPUT SELECTION

The control input should be designed to enforce (i) the finite
time convergence to and (ii) the stability of the motion in
sliding manifold. The specific structure of the control action
is not part of the specification. If u = u®? is applied as
the control input then motion is constrained to a manifold
in which o is constant, 0 = const, thus the additional
component should be added to ensure the convergence to and
stability of the sliding mode manifold. Let control enforcing
sliding mode in manifold is selected as

u=u— pQ W (o) )

where = (GM"B). The control (4) would enforce
sliding mode in manifold if the vector valued function
¥ (o) is selected so the derivative V‘a £0 T

= o006 of
the Lyapunov function candidate V = 0.50 o, satisfies
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1% 640 = 06 = —po "W (6) < 0. Then for ¢ # 0 the
dynamics of sliding mode function becomes

ol (6 +p¥(s)=0 (5)

In sliding mode V’a:O = 0 and u = u®? so the term
pQ~ W () should not contribute to motion in manifold.
If this term is discontinuous then in manifold 0 = 0 its
average value must be zero — thus switching will occur. These
conditions do not specify if control is continuous or discontin-
uous nor the nature of the convergence process. In continuous
time design, the finite time convergence to the manifold
could be achieved if the control is either discontinuous or is
continuous non-Lipschitz function [1]-[4]. In discrete time
design the sliding mode could be achieved with continuous
control input [4], [7], [8]. A variety of algorithms could be
generated by using different methods for equivalent control
estimation and/or for different selection of the convergence
term. Our goal is not listing many of them here, but rather to
show generic structures that are easy to implement.

The need for the equivalent control calculation, and thus
full information on state, disturbances and plant parameters,
could be avoided by estimation of the equivalent control from
dynamics (2). If pair (u, o) is measured and the change of
the equivalent control is slow in comparison with observer
dynamics, the equivalent control could be estimated by

E=-LE+L(u+LQ o)

fed 1 1 (¢ — T ¢
E:ﬁe‘1+LSl’la =su“‘+Lu“Y = Lu 6)

Here & is an auxiliary variable, diag(L) = [ > Ois a
design parameter. Insertion of the estimated equivalent con-
trol into (4) the control input becomes

u=0%-pQ '¥ (o), =GM'B @)

If (7) is applied as the control input by selecting observer
gain L such that the dynamic separation conditions met for
the augmented system (2), (6), the stability of the solution
o (x) = 0 is guaranteed and the sliding mode dynamics is
then described as in (3).

Before starting the discussion on the sliding modes in
motion control let us first look at dynamics of the systems
and the tasks.

C. MODELS

1) CONFIGURATION SPACE

dynamics of a rigid fully actuated multi-body n-DOF system
is given by [4]

A@G4+b(q. @ +g@+1 =r1. (®)

Here q stands for the system configuration vector; A (q) is
a positive definite matrix; b (q, q) stands for Coriolis forces,
viscous friction and centripetal forces; g (q) stands for gravity
terms; T € WY! stands for generalized joint forces and
7% stands for the external forces projection to configuration
space. The system variables and parameters are bounded with
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known lower and upper bounds consistent with the opera-
tional domain Dy. Expressing A (q) = A, (q)+ AA (q), with
a nominal value A, (q) and a bounded uncertainty AA (q),
model (8) could be rewritten as

oo A71 _ L dis
{ qdis " (r . i ) o ext (9)
" =b(q,q +g(@ +AA(Qq+T

2) THE PROJECTION
o = P4 + <i>qq of the dynamics (8) to constraint
manifold ¢ (q) = 0 € %>, p < n, can be written

. —1 TAWRY gt —1pT

b=M! (1, 1) M = (@4, @)

£ — @ A T — A ' Tlrg — Myd,q  (10)
T = <I>[T1f¢, + FZTO-

Here ®, = (d¢/0q) is constraint Jacobian, f,, fg"“ are
constraint space control and disturbance force respectively,
7% is given in (9), T = <I>§k is the projection of interaction
force A into configuration space. Due to the redundancy of the
constraint p < n mapping the constraint control f, and 7 €
M1 _ the arbitrary configuration space generalized force -
into the configuration space is given by T = <I>§f(p + I‘gro.
Selection of matrix 1"5 will be discussed later in the text.

3) THE DYNAMICS OF A REDUNDANT TASK
x(q) € W' m < n, governed by ¥ = J§ + Jq with
Jacobian J = (0x/dq) can be, for system (8), expressed as

% = M;l (fx o t;iis) : M;l — (JA;IJT>
f;ﬁs — MnJA,ZleiS _ MnJA;lrITO _ Man (11)
=), + Tz

with the operational space control force f,, disturbance f)‘f” s
respectively. The disturbance ¢ is given in (9). Mapping
operational space control force to configuration space is given
byt =Jf, + Fzro where ¢ € %"*! is an arbitrary config-
uration space force vector. Selection of matrix I'T would be
discussed later.

4) THE FORCE DUE TO INTERACTION

with environment at ¢, (x) = 0 € R r < m < n
in operational space is often modeled as a spring-damper
A (x) = D.é, + K.e, system with parameters D, K, > 0
and e, = ¢ (X) — @, (x). The motion in the normal direction
to surface ¢, (x) = 0 would result in interaction force A
while the system is free to move in the tangential plane. The
dynamics of the interaction force modeled as spring-damper,
could be expressed as

) =M (f,\ - fj{”) M = (<I>XM;‘ <1>I)

19 — M, @, M, 1195 - M, (p, — &M, 'TT £,
- D 'K é, — ®,%)

f, = ®If, + T £,

(12)
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Here A" = De_li(x) is scaled interaction force; ®, =
(0¢/0x) is the constraint Jacobian; f;, ff"S are control and
disturbance forces in constraint space, respectively; and fff”
is given in (11). Mapping of the constraint control forces into
the operational space is given by f, = ®1f; + szfxo, where
f., is an arbitrary operational space force.

A specific situation appears if a set of systems needs to
establish some functional relationship. As example let two
single DOF systems are required to maintain relationship
defined by a vector valued function Y (g1, ¢») = [€1 &) and
that equation § (g1, ¢2) = 0 has unique solution for g &g>.
The dynamics £ = W{ + ¥q, ¥ = 9&/0q could be written
as

é = WA;IWT (‘[5 - rg"‘v) i A, = diag (an1, ap)
. -1 . -1,
oft = (WA 7)) war el - (A T) g

v = [t ], 7y = [ o 5"
(13)

Models (9)-(13) stand for different projections of the
dynamics (8) and all are presented as structure R =
@ (f — £) where € is a full rank matrix of appropriate
dimension, % stands for generalized matched disturbance,
and f is the control force. If the control tasks could be defined
in a suitable way, structurally the same controller could be
applied to all problems. Note here that generalized distur-
bance for systems (9)-(13) could be estimated as an unknown
input by applying simple disturbance observer [22].

Models (9), (10), (11) and (13) could be written in the form

izﬂz(fz_fg”) z=qor@orxoré
) fo=torf,orforf;

fgls — .[dlS or fg)ls or fgls or fglé‘

Q, = A;] or M(;] or M;;! or Mgl
(14)

Z=1y,
v, =, (f. — £75)

where dim (z) = dim (f;) and €2, is a square full rank matrix.
The force dynamics A" = € (f;L — ff”) is already in the
same form as the v, = R, (f, — ).

D. FORMULATION OF CONTROL TASKS

The motion control issues are related to the problems of track-
ing desired trajectory and modifying motion to obtain desired
interaction with environment. In literature, these issues are
usually treated as separate [12], [13], [15], [16] but in real,
to obtain natural human-like behavior the motion without
interaction and motion in contact with environment should
be combined and a seamless transition between the two is
needed [21].

From dynamics (14) the tracking error e, = z— 2" would
converge to zero if v, = z’¢ — Ce; and control is designed to
enforce sliding mode on manifold o, = €, + Ce, = 0. Here
C is a square full rank positive definite (usually a diagonal)
matrix.

When enforcement of sliding mode in selected manifold is
performed, then in sliding mode dynamics o, = é,+Ce, = 0
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governs the control error and asymptotic convergence is guar-
anteed. If sliding mode is established for 6, = 5 # 0 then
tracking error converges to e, — C~!y. This is an interesting
feature that allows modification of the system behavior in
sliding mode. As an example tracking of interaction force
A =D.é, + K.e, withe, = ¢ — ¢, position of obstacle ¢,
and reference force A" yields dynamics é, + D;'K.e, =
De_l)f"f thus the environment tracking error depend on the
force reference.

As discussed above the sliding mode manifold for trajec-
tory tracking could be formulated as (m < n)

szz{q,q €N o, =6 +Ce,=0,0, ¢ m’"“] (15)

The sliding mode manifold for force control could be
defined as (p < m < n)

Skz{q,(] ERN oy = -1 =00, ¢ ml’“} (16)

These formulations could be applied for redundant as well
as non-redundant tasks. Motion in manifold (15) or (16)
guarantees tracking of the position or force but still does
not secure the interaction between the two modes of motion.
Establishing a functional relationship between motion and
force control tasks to mimic a natural human-like motion
in which the motion along desired trajectory is modified
when controlled system interacts with obstacle requires the
selection of the sliding mode function as a function of both
motion and interaction force tracking, as in

Sa={a.qeN 10, +HA=0,0, € W, XA e W} (17)

where matrix H defines the distribution of the interaction
force to the components of the generalized error - a mapping
between the force and generalized error spaces. Implementa-
tion of the control enforcing sliding mode in manifold (17)
yields 0, = —HA. It results in a pure trajectory tracking if
A = 0. If A # 0 then tracking, in the axes determined by the
projection matrix H, will be modified and balance between
the tracking error e, and the interaction force A will be
established. In order to maintain desired interaction force the
trajectory tracking sliding mode functions should be bounded
to satisfy the relationship o} = —H)? . The control task
specification as in (17) includes both, the trajectory tracking
and the force control and could be treated as general motion
control task formulation.

Ill. CONTROL SYSTEM DESIGN
The dynamics of sliding mode function (15), (16) and (17)
for generalized plant dynamics (14) can be expressed as

G =R (f—19) (18)

where ¢ = o, or 0, or 0, stands sliding mode function
defined in (15), (16) or (17); f¢4 stands for a continuous vector
valued function — so-called equivalent control. The control
input f = f; and control distribution matrix = €2, are
defined as in (14).
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As shown in Section 2 control input f = f¢¢ — o7 (0)
with properly selected vector valued function ¥ (o) would
enforce sliding mode in manifold ¢ = 0. For ¢ # 0 the
dynamics of sliding mode function becomes

6+ p¥(0)=0 (19)

If pair (0, f) is measured, use of the observer (6) allows
estimation of ¢/ and control input implementation as

f=1—pQ ¥ (o) (20)

Control (20) yields the dynamics of sliding mode function
6+ p¥ (o) = Q! f°¢ — £2¢) and consequently, with
proper separation of the observer and sliding mode function
dynamics the % — £ and the sliding mode is enforced in
manifold o = 0.

The selection of the convergence term is a design parameter
and could be discontinuous or continuous. Some of exam-
ples of the implementation of algorithm (20) that enforces
sliding mode in manifold & = 0 are shown below but many
more could be derived taking ¥ (o) as discontinuous or non-
Lipschitz function:

o f = —Msign(o),M > Oand f = —Mo /| o] are
often used in early works on robotic control with sliding
modes. It may cause chattering and is not recommended
in the motion control systems;

o f = sat (f'eq — Qo — ,olSl_lsign (a)? - a combi-
nation of estimation of equivalent control and discon-
tinuity term. Selection of small p; > 0 may minimize
chattering;

o Selection of W (¢) as non-Lipchitz function, for exam-
ple f = sar (f'eq —pQ! llo || sign (a)), 0 <n <
1 - would lead to finite time convergence [3]. Selection
of small n may cause chattering;

o control f = sat (f’eq — pﬂ_16> in continuous time
would guaranty asymptotic convergence and strictly
speaking it would not enforce sliding mode motion.
In the discrete-time, with sampling interval 7', appli-
cation of f(k+1) = sat (f’eq k) —p ko (k))
yields sliding mode function dynamics o (kK +1) =
(I—Tp)o (k) and sliding mode could be
attained [4], [7], [8].

A variety of algorithms could be generated by using differ-
ent methods for equivalent control estimation or for different
selection of the convergence term. Our goal is not listing
many of them here, but rather to show generic structures that
are easy to implement. The solutions which include the equiv-
alent control observer are in general easier for application
because: (i) the observer design uses only the control error,
does not require all system parameters and nonlinear terms
(as shown in equation (6); (ii) the convergence term in the
control input is tuned for a system in which estimated equiv-
alent control essentially compensates the disturbances thus
the tuning is made for the nominal system ¢ = —pW¥ (0);
(iii) the chattering in ideal case is fully eliminated due to
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the fact that convergence term is zero when motion reaches
sliding mode manifold (as follows from ¢ = —pW (¢) and
foro = 0 =2 06 = 0 = p¥(o) = 0 as shown in
the stability analysis. In real systems, the chattering depends
on the measurement noise propagation in control error and
in equivalent control estimation channels (usually observer
possesses the low pass filter features so noise is reduced).

IV. APPLICATIONS

In this section the application of algorithm (20) for different
tasks in the configuration and operation space will be dis-
cussed. The presentation will be concentrated in selection of
the sliding mode manifold, the determination of the structure
of 7 and the derivation of the system dynamics with sliding
mode in selected manifold. For redundant tasks the configura-
tion space control force will be expressed as T = ATf+T' Tz
with A being the appropriate Jacobian matrix. The structure
of the matrix I will be determined in each of the tasks.

A. CONFIGURATION SPACE CONTROL

1) THE CONFIGURATION SPACE TRAJECTORY TRACKING
error ¢, = q — q'?, where q'¢ is a reference, will converge
to zero if system (9) is forced to exhibit sliding mode motion
in manifold oy, = é, + C,e; = 0, 0, € W"™*1. C; € R is
positive definite full rank matrix (usually selected diagonal).
The configuration space dynamics (9) yields the dynamics of
the sliding mode function o, as

6,=A," (v — 1)

% — rdis +A, (qref _ Cqéq> 21
where 77 stands for equivalent control, 795 is defined in (9).
Insertion T = 7 — pA, ¥ (0,), into configuration space
dynamics (8) yields the closed loop sliding mode dynamics
G4+ p¥ (04) = A, (2°Y — 7%9). The equivalent control
could be estimated by an observer as in (6). Consequently
if ¢ — 1% then sliding mode closed loop dynamics is
governed by ¢; + C,e;, = 0 and e, — 0.

2) THE CONFIGURATION SPACE STATE CONSTRAINT

(@ =0 e W' p < n, with ®, = (dp/dq) € K"
as a full row rank constraint Jacobian, could be maintained
by input force if sliding mode is enforced on sliding mode
manifoldoy, =@+ Cyp =0 € "7 ! where C, e WP isa
full rank matrix. The dynamics of sliding mode function with
constraint dynamics as in (10) becomes

{”ZMﬁm—$>

is . (22)
£y =15" — M, Cygp

fg” and My, are defined in (10) and 7¢ € ®<1 is arbitrary
force vector in configuration space. Control f, = fqu -
pM,¥ (aw) enforces sliding mode motion in manifold o, =
0 and from ¢ + Cy,@ = 0 the convergence ¢ (q) — 0
is guaranteed. Insertion 7 = <I>:]Fff;,q + l"l;ro into (8) yields
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system dynamics in sliding mode as
T, (@d+A,'Tit" =A,'T 7o
0y (qQ) =2,9+Cpp(q) =0 (23)

-1
T, =1-A;'0](oA;'0]) @,

where 7( is an arbitrary configuration space force vector.
Projection matrix T, satisfies ®,T, = 0 and T A, '®] =
0. The <I>‘f1E = A, 1<I>;§ (<I>qA; 1<I>;5) 1 is the generalized
pseudo-inverse of constraint Jacobian and matrix I'y, = I —
<I>z<l>q is its null-space projection matrix. In sliding mode on
manifold o, (q) = 0 motion described by (23) is constrained
the null-space of constraint Jacobian and is dynamically
decoupled from the motion in constrained direction. The (23)
reflects the configuration space dynamics not observable at
the measured output - constraint - and could be used to
enhance system performance, control a separate task or the
posture of the system.

B. OPERATIONAL SPACE CONTROL
1) TASK CONTROL
task x(q) € N tracking its x" reference could be
formulated as enforcement of sliding mode in manifold o, =
é,+Cee, =0,C, > 0, e, = x — x¥. With task dynamics
as in (11) the dynamics of sliding mode function can be
expressed as

6o =M, (f - 1) M, = (3A, 07
. (24)
B9 =, (57— Ca,)

where the disturbance tffis is expressed as in (11). Control
£, = £ — pM,¥ (¢,) would enforce sliding mode in
manifold o, = 0 with reaching dynamics 6+ pW¥ (o) = 0.
The task control force mapping into configuration space is
given by 7 = JTf, + I"Ito, where ¢ is an arbitrary config-
uration space force vector. Insertion into configuration space
dynamics (8) yields the sliding mode equations of motion

T4+ A,'TTg%
7: (xx"7) =0 (25)

r,— (I - A;‘JT(JA;IJT)_1J>

The structure is the same as in the constraint control — motion
is constrained to sliding mode manifold and T’y satisfies
JT, = 0and JA,'TT = 0. Motion in manifold o, = 0
allows the usage of the (n — m) degrees to enforce some other
task or relationship in null-space of the task Jacobian. This
shows the similarities between task and constraint and could
be effectively used for the decoupling of the task and posture
control.

= A;lr:{‘to
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2) FORCE CONTROL

The dynamics of the operational space force error o, =
A (x) — A with force reference A" and A (x) € H'*!
measured force with dynamics as in (12) can be expressed
as

{O’I = De_ld’x = M)T] (f)L —fiq) 26)

fiq _ fgis —i—D;leiref

Here f, € %7*! is control force, ®, € N"*™ is constraint
Jacobian in operation space, ff’ls e MMl M, e |mxm
and spring-damper model of the force are as in (12). The
dynamics (26) has the same structure as constraint (22) or
task (24) dynamics thus the structure of control could be the
same. Control f; = fiq — pM,, ¥ () enforces sliding mode
in manifold o; = 0. Insertion f, = foiq + I'Ifo, where
fo € %! is an arbitrary operational space force, into task
dynamics (11) yields sliding mode dynamics in operational

space

L%+ My TS = My & o) (A1) =0
1T 1T) ! @7
r; = <I—M; o (#,M;'@]) <1>A>

where f;ﬁ“ is expressed as in (11). Dynamics (27) describes the
(m — r) dimensional operation space dynamics constrained
to the tangential plane in the interaction point. It is easy to
verify that its projection in the force direction is equal to zero.
This shows the relationship between force and task control —
the axes not involved in the force control could be used to
generate motion. In the proposed solution the information on
the constraint Jacobian is needed and it is applicable when
system is in interaction with environment.

C. HYBRID POSITION-FORCE CONTROL

In interaction with environment motion should be modified
and should excerpt desired force on the obstacle while mov-
ing in the tangential plane at the point of interaction. Such a
situation is treated in well established hybrid position-force
control framework in which operational space is partitioned
onto the direction of the free motion and the direction of
constraint in which the force will be controlled. In such a way
the position and force control are analyzed independently to
take advantage of well-known control techniques for each and
are combined at level of the configuration force [16], [20].
The hybrid position-force control is applicable when system
is in interaction with environment.

Let operation space position vector x € "1 is portioned
onto the x, = Sx € R"*! in the direction of the free motion
and Xy = S X € Rmx1 in the direction of constraint. Here
S e RN is diagonal matrix with ones in every direction
in which position is controlled and zeroes in directions force
is controlled and S; = I — S. Let interaction is modeled
as a spring-damper yielding D;'A = &, + D, 'K,e; with
parameters D, K, > 0 and e, = xy — x;, x; is position of
obstacle. With such a partition, the sliding mode function and
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force dynamics could be represented as

6, =S (X— %Y + Cé)

67=S) (X —xr 4 Cé) (28)
D;'i =8, (%= ¥ + Kb

oy =So
or=S.o
A =D.e, + K¢,

From (28) follows that oy and A have the same acceleration
distribution matrix so they could be combined into a single
variable 0, = oy +hh, h = nDe_l, h > 0 and the dynamics
of the o3¢ could be expressed as

Go = b + k=8, (X— %7 +Cé) + hi
i =0 +IA=0= 0 = —hA (29)

If sliding mode is established in manifold o, = 0 the
interaction force A is balanced by the error in tracking the
X4 =8 1x"¥ and if interaction force is zero the sliding
mode is established in manifold 6y = S 0. It is obvious if
force needs to be controlled to track its reference then oy =
S, o should be bounded by the force reference. By enforcing
sliding mode in oy = So = 0 & 0,y = S0 +hh =
0 the trajectory tracking in interaction-free motion (A =
0) and interaction force control combined with motion in
interaction-free direction is established. The dynamics of the
sliding mode functions 63y = S, 0 + A and 6 = So could
be written as

6x = (SHA,' D" (£ — £7)
Gy = SLD A ST (B —£7) (30)
The control inputs are
fo =17 — pM ¥ (0,): M;' = SDHA, ' (S)HT
£, = £~ oMW (055); My = SLD A ST

T=S)H 4+ ST
31)

A natural fusion of the motion and force control lies in
a modification of the movement if an interaction appears
and maintaining the motion control if interaction is removed.
During interaction, the motion is performed in the tangential
plane in the contact point and motion in the constraint direc-
tion determines the force. Such a behavior could be realized if
sliding mode function is selected as a function of both motion
tracking and interaction force asin (17) oy, = é,+Ce,+HA,
6 € WL C > 0, the force A € RP>L, H € R"*P defines
the distribution of the interaction force to the components of
the generalized tracking error. With task dynamics defined as
in (11) the dynamics of sliding mode function (17) could be

expressed as
6o =M (6 —£0): M = (A7)
: : (32)
€4 = £+ M, (¥ - Cié, — HA)

Here f‘)f"x is defined in (11). The control f, = iii —
oM, ¥ (04,) enforces sliding mode in manifold oy, =
0 and dynamics in constrained direction is described by
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FIGURE 1. Robot's trajectory, reference trajectory, and obstacle for
observer-based control.
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FIGURE 2. x-direction position and interaction force for observer-based
control.

€, + Ce, = —HA. In order to keep interaction force within
desired limits the 0, = €, + Ce, should be limited by
—HA™* < g, < —HA™" The limits may be considered
as references for the interaction force that we want to track.

In order to illustrate the concept presented here, it will
be assumed that hybrid position-force control is applied to a
planar manipulator, discussed in detail in [23]. Two different
control algorithms were applied: (i) observer-based control
f, =7 — pM,0.; — piM,sign (012), (i) classical discon-
tinuous control f, = —Msign (0,,).

The results for the observer-based control are depicted in
Figures 1-3. The shaded parts of the graphs in Figures 2 and 3
correspond to the time interval in which the contact between
the manipulator and the circular obstacle (its edge is given
in blue color) exists. The x¢ and y° denote the coordinates of
the point belonging to an obstacle that is the closest to the
manipulator, or the position of the contact point belonging to
an obstacle. During the free motion, the manipulator is able
to track the reference trajectory (see Figure 1). During the
contact, the manipulators is tracking the reference trajectory
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control.
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FIGURE 4. Robot's trajectory, reference trajectory, and obstacle for
classical discontinuous control.

in the y-direction (see Figure 3). However, this is not the case
for the x-direction motion, the tracking is not possible, and
force is controlled in this direction. Therefore, the reference
interaction force in the x-direction is tracked (see Figure 2).

The results for the discontinuous control are depicted in
Figures 4-6. The shaded parts of the graphs in Figures 5 and 5
correspond to the time intervals in which the contact between
the manipulator and the circular obstacle (its edge is given in
blue color) exists. It can be observed that oscillatory motion
exists when the manipulator establishes/loses the contact with
environment (look at many shaded intervals Figures 5 and 5).
It is so-called woodpecker phenomenon. The force in the
x-direction is not controlled anymore, and the discontinuous
control is obviously inferior to here proposed observer-based
control strategy.

D. HAPTIC SYSTEMS

Recently, haptics is becoming important field in motion con-
trol. In the core of the problem lie the control structures
enabling a human operator to interact with the remote envi-
ronment, while having a realistic feeling of the interaction
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force and transparent interaction. The operation of the
master-slave system can be formulated as the concurrent
trajectory and force tracking, with human operator setting the
position reference (x;,) to the slave side (x;) while the slave
side is executing the motion task and transfers the interaction
force back to the master side. The operator sets the level of
the interaction force thus the force that master-side device
is exerting to the operator (f}) is equal (or proportional) to
the force (f,) slave device exerts to the environment. Such
operation arrangements could be mathematically formulated
as a requirement to establish sliding mode motion such that
the position tracking e, = x; — x;, and force tracking errors
epr = fr+fe are concurrently equal to zero [20]. Colloquially,
we may view this arrangement as “extending the hands of the
operator by a long stick with a tool on its far end”.

For simplicity, let master device dynamics and slave
devices dynamic are given as in

aAmGm + bm + gm = T — fn + Top
asGs + by + g5 = T — fe

Jh = dnémo + knemo; €mo = Xm — Xop
Je = deése + keese; €5e = x5 — X,

Aj+b+g+f=1,

(33)
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with A = diag [am, as] , qT = [gm 451, TZ = [tm T5], b! =
[bm bs] gT = [&m &s], fl = [(fh - Tap)fe]-

The 7,, is the operator input force, x,p,x, are opera-
tor and environment position respectively, (dp, ki) , (de, ke)
are spring-damper parameters on the operator and slave
side respectively, 7, Ty are master and slave control inputs
respectively. Let interaction with the operator and with the
environment are modeled as a spring-damper system (the
same procedure could be applied if the interaction forces are
modeled as simple spring model) [18].

Now, the haptic (bilateral) operation could be formulated as
arequirement to enforce sliding mode in the manifold 6, = 0
where vector valued sliding mode function O'Z = [abx be] is

Ub:[abx}z[6x+6bxex}; Chx kf>0

Opf ke (fi + fe)
Opx _ -1 1 Xm + —Cbx  Chbx Xm
Opf dop de X kop ke Xg

—_—— —_— _—
Op J C
0
+
[5 (Xop- xe) :|
ﬁ(_-/
& (xop-e)
& (xop» xe) = - op).cop - kopxop — deXe — keX,
op = Jq+ Cq+ & (xp, Xe) (34)

The dynamics of sliding mode function could be expressed
as

d’bZJii+C(i+é (xop,xe)
6p=JA'J" (vp — 7))

_1 .
7 = (JA—lJT) JA T (b+g+D) — Cd— & (xop, xe)
(35)

The (34) stands for the task dynamics of the two physically
separated systems which are required to establish desired
functional relationship. It has the same structure as in all
cases discussed above, thus the control that would guarantee
sliding mode in manifold a5, = 0 could be selected as T, =
T —p(JAT1JT)” "W (¢4), and observer (6) could be used to
estimate fzq. By changing force 1, the operator sets the equi-
librium in the bilateral control system. Bilateral control with
scaling position and force (for example in micromanipulation
systems) can be solved in the same way. The haptic systems
are part of a wider class of functionally related systems in
which the systems are forced to maintain a certain functional
relationship [19], [22].

E. REPRODUCTION OF HAPTIC MOTION
The reproduction of haptic interaction requires accurate
replay of the position and the interaction force without human
operator (just as a replay of music or video is done without
person or unit that recorded sound or image).

rec

Let motion generalized error 05 = cpxx"® + X"} cpp >
0 and the interaction force f/*° be recorded during the
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bilateral operation on a master-slave system. Assume that
during reproduction the motion generalized error o,/ =
Cpx X" +x"°P and force f, ¥ are measured. Let the generalized

. . . . __ _rep rec
motion-reproduction error is defined as oy = o0, — 05",
If control enforces the convergence to and stability of equi-
librium o, = 0 the reproduced trajectory x™” will follow the
recorded path x"“. The position-force reproduction general-

ized error and its dynamics could be expressed as
Opu = (Oh — 03) +k (W — W)

~rep __ yrrep (rrep _ rrep
be(p =K (x eq )

(36)
Here force control gain k > 0 is a design parameter, K"? > 0
and £’ stand for the gain and input force of the system
reproducing haptic motion (slave or master), the f,;" is the
control enforcing zero rate of change of position-force repro-
duction error (36). In the equilibrium, the motion general-
ized error o is balanced by the force error k (hf(fp — hqu“)
and if interaction force is f, = D, (x — x.) + K, (x — x¢),
where K., D, are strictly positive constants, x, is the position
of the environment, and the initial position and parameters of
the environment in the recording and reproduction phases are
the same. Then in sliding mode

(1 4+ hD,) &y + (Cyx + hK,) ey = khD,érxp + khK ey
exe =X, 7 —x KJP =K = K,;
DI = DY = D, 37

The proposed solution offers accurate force reproduction

. re, . .
eveninthe casex,’ # x, as a key advantage in comparison

with other methods presented in [24].

V. CONCLUSION

This paper showed that majority motion control tasks can be
discussed in a single framework, since the dynamics of all
tasks can be written in the same form. Thus, the same control
structure is applicable. The paper concentrated to structures
based on SMC. However, it gives enough information to
apply numerous other control algorithms to all of the tasks.
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