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ABSTRACT In the operation of large-scale manufacturing equipment, accurate tracking of the desired
trajectory and overall motion synchronizations are the keys to ensuring the products’ high quality. These
multi-axis plants are highly coupled nonlinear systems with a range of uncertainties (parametric uncer-
tainties, unmodelled dynamics, cross-coupling between axes, and external disturbances). That makes the
control design for such systems a challenging task. In this paper, a Lyapunov-based design for motion
tracking and/or cross-coupling synchronization control for multi-axis systems is proposed. The aim is to
develop a general framework for the design of motion tracking and/or cross-coupling synchronization. The
proposed design is based on a specific structure of the generalized control error and design of control which
enforces a predefined form of the Lyapunov function time derivative. The structure of the generalized error
allows the application of the same controller design procedure for motion tracking and/or cross-coupled
synchronization control in either configuration or operation space. In the proposed design compensation of
uncertainties and the convergence of the generalized error are treated separately. The compensation for the
uncertainties is realized by the application of an unknown input observer within the controller structure.
That yields efficient compensation of the projection of the system uncertainties to the generalized error.
In ensuring the desired convergence and stability the Lyapunov function time derivative is used as a design
parameter. It could be selected so that closed-loop dynamics exhibits asymptotic or finite-time convergence.
The proposed design results in a simple easy-to-implement controller structure with a small number of design
parameters. The details of the design procedure and the proposed controller are evaluated in simulation and
experiments for a coupled 4-axis system.

INDEX TERMS Motion control, motion synchronization, cross-coupling control, sliding mode, robust
control, disturbance observer.

I. INTRODUCTION

Modern industrial equipment is highly coupled nonlinear sys-
tems with a range of uncertainties (parametric uncertainties,
unmodelled dynamics, cross-coupling between axes, external
disturbances), which makes a control design for such plants
a challenging task. The operation of such complex multi-
axis systems or systems realized by multiple motors driving
a single load with high inertia in addition to standard motion
tracking loops requires a cross-coupling control to realize
synchronization requirements. Specific problems appear in
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the system with time delay which acts as disturbances to
the cross-coupling control. In current literature, a variety
of solutions addressing the cross-coupling synchronization
problem are presented. Most of these are developed as an
addition to the control design for specific machine or axis
configurations.

The Lyapunov approach for synchronization of a two-
slider system is discussed in [1] with a nonlinear force
coupling model as a basis for the control design. The
robust synchronization controller is discussed in [2]. Here
the cross-coupling error is defined as a difference in the
position error of each axis and its two adjacent axes. Such
selection makes the cross-coupling synchronization matrix

© 2023 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.

VOLUME 11, 2023

For more information, see https://creativecommons.org/licenses/by/4.0/

125439


https://orcid.org/0000-0002-1965-5176
https://orcid.org/0000-0002-3426-2514
https://orcid.org/0000-0002-2783-9354
https://orcid.org/0000-0001-9893-6381

IEEE Access

S. DZakmi¢ et al.: Uncertain Systems Motion Synchronization

singular and imposes restrictions on the controller parame-
ter. A system with a centralized motion tracking controller
and a decoupling synchronization controller for each axis
is discussed in [3]. The decoupling controllers are designed
based on mean deviation while unmeasurable states and non-
linearities are managed by a neural network. A cross-coupling
structure applicable for the accurate contouring control is
discussed in [4]. In [5] a continuous sliding mode controller
is applied for synchronization of the dual spindle system. The
tracking error is augmented by the synchronization error and
the sliding mode controller is designed for the augmented
system. A hierarchical sliding mode control discussed in [6]
for a multi-axis hydraulic servo-drive system consists of an
adaptive backstepping tracking controller, a neural network
synchronization controller, and a higher-order sliding mode
controller working in parallel. In [7] an adaptive motion con-
trol based on position averaging and decentralized adaptive
controllers for each axis is proposed for synchronization of
the multi-axis system. In [8] synchronization based on cross-
coupled control is applied to a 2-axis gantry system. The
solution is based on a combination of the tracking and syn-
chronization errors and the cascade controller. It is claimed
that the control design does not require information on the
detailed plant model. In [9] a robust synchronization control
with the possibility to use position, velocity, or acceleration
as a synchronization error and Hy, controller is discussed.
The key idea is to shape the position reference by a pre-
filter in each axis combined with H,, a mixed sensitivity
method. The application of a fuzzy PID controller for syn-
chronization of a multi-axis system is discussed in [10]
and applied to a hydraulic dual-axe system. The synchro-
nization of a 3-dof planar parallel robotic manipulator with
uncertain dynamics using terminal sliding mode is shown
and simulation results are presented in [11]. The effects of
chattering are suppressed by the introduction of the syn-
chronization integral action in the system. Teleoperation as a
specific arrangement that requires synchronization of motion
and implemented forces is discussed in some works. The
synchronized bilateral teleoperation system with predefined-
time convergence is discussed in [12] and [13] the Q-learning
algorithm is applied for the synchronized teleoperated system
with cognitive guiding force. In [14] independent adaptive-
fuzzy compensation of friction is applied for each axis and
a sliding mode synchronization controller is proposed. The
control input has a feed-forward term and a discontinuous
term that may cause chattering. The proposed synchroniza-
tion error matrix is singular, and the synchronization error
gain should be carefully selected. Recent work in the syn-
chronization of networked control systems [15] discusses
the compensation of the uncertainties induced by network
and cooperative distributed model predictive control strategy.
The discrete-time synchronization control of a dual-motor
networked manipulator is discussed in [16]. The main contri-
bution is the explicit consideration of sampled data coupling
and transmission delays among coordinated manipulators.
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In [17] an application to networked manipulators tracking
trajectories in operation space is discussed. The discrete-time
sliding mode is applied combined with distributed operation-
space tracking control to guarantee stability and dynamic
performance. The cross-coupling control of dual motors in
the networked control framework is discussed in [18]. The
feasibility and stability of the proposed cross-coupling con-
trol system are verified theoretically.

As shown above, several robust and adaptive control strate-
gies dealing with the problem of motion synchronization are
reported in the literature. Along with the application of the
different control frameworks, the problem of the formulation
of the cross-coupling error is one of the issues that attracts
attention. Cross-coupling is perceived as a supporting mech-
anism tightly dependent on the structure of the system under
control and the cross-coupling is studied for the structure
of the system under analysis. The work in which a general
solution is discussed often has a specific structure of the
cross-coupling error. All of this shows that the search for a
solution that would have a straightforward design procedure,
fever design parameters, and could be applied for various
problems in motion control is still an open problem.

In this paper, a Lyapunov-based design framework for
motion tracking with or without cross-coupling synchroniza-
tion control in multi-axis systems is proposed. The proposed
design is based on the formulation of a generalized control
error as a linear or nonlinear combination of the position
tracking or synchronization error and its derivative. Such a
selection of the generalized error yields a relative order one
of the generalized error dynamics. That provides a basis for
the application of the same procedure in controller design
for motion tracking and/or cross-coupling synchronization
in either configuration or operation space. The Lyapunov
function is selected as a quadratic form of the general-
ized error. Its time derivative is used as a design parameter
allowing selection that would yield asymptotic or finite-
time convergence of the generalized error. In the design, the
compensation of uncertainties and the convergence of the
generalized error are treated separately. The application of
an unknown input observer within the controller structure
yields efficient compensation of the projection of the system
uncertainties to the generalized error. A separate term of the
control input that enforces the specified Lyapunov function
derivative thus ensures the convergence and stability of the
closed-loop system. This term enforces the desired general
error convergence as well. It is shown that such a design
procedure could be applied to wide-range motion tracking
problems with or without cross-coupling synchronization.
The different problems could be implemented by coupling
control errors or by coupling the control outputs. The former
solution is applicable for systems requiring redundancy if
some axis controllers have failed. The main contribution of
this work is in proposing a general framework that allows
consistent design of motion control systems that results in
a simple easy-to-implement controller with a small number
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of well-defined design parameters. The details of the design
procedure and the proposed controller are evaluated in simu-
lation and experiments for a coupled 4-axis system.

The rest of the paper is organized as follows. In Section II
the dynamics of the system, the compensation of uncertain-
ties, and the dynamics of the motion tracking, synchroniza-
tion, and coupled motion tracking and synchronization errors
are formulated. In Section III Lyapunov-based control system
design is discussed and the structure of the control input for
systems with asymptotic and finite time convergence (sliding
mode motion) are derived. In Section IV the effectiveness
of the proposed algorithm is confirmed by presenting the
simulation and experimental results.

Il. PROBLEM STATEMENT

In this section, the system dynamics and compensation of
uncertainties along with dynamics of the control errors for
motion tracking, synchronization, and coupled error are
derived and formulated in a way that would allow consistent
control design.

A. PLANT DESCRIPTION

A general motion system of n- actuators with uncertain
dynamics is considered. The configuration space dynamics
is given by

A@QG4+b(q,q+g@ +Tenw =7 (D

Here " = [q1 ... gn ] stands for the actuators position
vector; A (q) is a positive definite system inertia matrix;
T = [1’1 ... tn] stands for the input control vector;
b’ (q.q) = [b1 .. ba] stands for the vector of Corio-
lis and centripetal forces;g’ (q) = [g1 . gn] stands for
the vector of gravitational forces;tl, = [¢f" ... t& ] is
the vector of external forces acting on actuators. The vec-
tors 7, b (q, q) (q) , Texr and their components t; by (q, q),
gr (q), t,f"’, k=1,2,...,nare assumed bounded by known
upper and lower bounds consistent with the operation domain
(q, Q) € D of the system. The inertia matrix has bounded ele-
ments a;; (q), 1 < i,j < n, hence matrix A (q) is bounded by
known lower and upper bounds. This matrix can be expressed
as a sum of its nominal value and uncertainties A (q) =A, +
AA (q). The A, is assumed known. The AA (q) stands for
bounded inertia matrix uncertainties. If dynamics (1) stands
for the description of n— individual axes, then A (q) as well
as A, are positive definite diagonal matrices. The dynamics
of the system (1) could be written in the following form

A =1 —7%
T =b(q, @) + (@) + Ten + AAG

disT  _ [ T {ﬁs

@

Here t .. t,‘fi ] stands for the system‘s
bounded generalized disturbance. In (2) the disturbances are
decoupled but the coupling due to the inertia matrix A (q)
may remain if the nominal matrix A, is not diagonal.

Let pair (q = w, 7) is measured, the dynamics of the gen-

eralized disturbance is assumed as % = 0 and an auxiliary
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variable is defined as £ = v + L,A,®. As shown in [19]
and [20] an observer estimating generalized disturbance 7%*
could be expressed as

= —Lqé + Lq (T + Lqul(l))
W — g —LyAyw; Ly > 0; (3)
_i_dis + Lq%dis — Lq_[dis

~> Ve

The observer (3) yields the dynamics of the estimated gen-
eralized disturbance as 7% —}—Lq'i'dis = Lqrdis . Here matrix
L, > 0 is the design parameter. The more complex observer
could be designed [20], [21], [24] but (3) usually works well
in motion control systems. _

Insertion of the system input T = t"+ 295 into (2) yields
the dynamics of system with disturbance observer as

A = Leon _ p (%dis)
T =7 4 3% o 1 L L = L L > 0
p (%dis) — (rdis _ %dis) =0

—>00

: t,f(’”]T;rdis = [z ... r,fis]T )

con __ con
Ty = [71

Here the T¢°" stands for the control input generated by the

dis

control system; p (f ) stands for generalized disturbance

estimation error with bounded components py = rgif —

f,fis, k = 1,...,n. The compensated system (4) stands for
the n— double integrators with known inertia and n- order
dynamics of the estimation error. Selection of the design
parameter L, > O guarantees convergence of the estimation

Y
g dis ) and should be selected such that the separa-

error p (T

tion of dynamics of the observer and closed loop system is
satisfied. The dynamics (4) is similar to the system dynam-
ics (2). This similarity points out that the estimation error
p (fdls) could be treated as an uncompensated disturbance
and should be considered in the design of the closed-loop
controller [19]. This way the compensation of the uncertain-
ties in the system will be realized in part by the estimation
of generalized disturbance and in part by the selection of the
closed-loop control.

If the nominal inertia matrix A, and observer gain matrix
L, are diagonal with elements aux # 0 and [y > 0,k =
1, .., n respectively the components of the observer (3) could
be written as

E =~k + Ik (v + lkanran) ,
0 = & — hapgon; I > 0k =1,...,n 5
fkdis + lkfkdis — lkrléﬁs

Expressing the components of the control input as 7z =
"+ f,f‘s the dynamics of the actuators could be
described as

gr=owr;, k=1,2,...,n
apie ok = T — pi (ff is) (6)

~di di. ~di
Dr (tkls) — ,L,kzs _ _L,kls
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The dynamics (2) or (4) could be used as a starting point in
the motion control design. The difference is just in the struc-
ture of the system’s uncertainties zdis (in (2)) and p 3dis
(in (4)). That allows the application of the same design for

both descriptions.

B. THE MOTION AND TASK ERROR DYNAMICS
In multi-axis systems with independent axis controllers, the
desired relationship is kept by the selection of the configura-
tion space references based on the system task.

By assumption, from the task description, the unique ref-

erence qref e M1 with elements qff ,k=1,...,ncould
be determined. The dynamics of the tracking error eg =

[eql - "qn]’eqk = qk — qief

and (4) could be expressed as

for the system dynamics (2)

ref
e =49q—q
e dis
&G=14—1,

A;l‘t for dynamics (2)

fa= { A;l t°"  for dynamics (4)
A;l‘tdis + qref
[ A lp (%dis ) + @ for dynamics (4)

dis for dynamics (2)
Tq

N

The coupling between axes is defined by the system struc-
ture and the task specification. In such system arrangements,
possible deviations in the individual axis are not ‘“‘shared”
with other control loops directly but are reflected to the other
axes via system-coupled dynamics.

Another way to execute the desired task is by designing the
control directly in the operation space. Let the operation task
for a system be defined by h(q) = h™ . Here h(q) could be
a linear or nonlinear continuous function. The dynamics of
the task error e;, for the system dynamics (2) and (4) could be
expressed as

[ e, = h(q) — h™f

&, =f, — filis
i £ JA;lr for dynamics (2)
h= JA,; Tzeon  for dynamics (4)
J — ah(q) c mnxn
aq

JA;leiS _ Jq + i'lref
for dynamics (2)

is

ho= JA;lp (i,dis) — Jq e
for dynamics (4)

®)

Here J € R™*" is assumed full-rank matrix with bounded
elements in the operational domain of the system; fj, stands
for the control input and iﬂis stands for the disturbance. In (8)
the cross-coupling is realized due to the formulation of the
task h(q) but, similarly, as in the independent axes control,
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there is no cross-coupling on the error level. Note that the task
could also be formulated as h(q) = T;q = h'ef | where T, €
M is assumed constant full rank matrix. Then dynamics
(8) holds with J = T, € R™" task tracking error e, =
Tyq — href

The dynamics (5) and (8) have the same form and usage
of the dynamics (2) or (4) is reflected in the structure of
the control input and disturbance in the error space. Fur-
ther in the paper only expressions for dynamics (2) will be
given. The derivations for dynamics (4) are straightforward
by changing the control input T by 7¢°" and the disturbance

79 by the error in disturbance estimation p (%dis )

C. THE SYNCHRONIZATION ERROR DYNAMICS
For a system with configuration or operation space control
the synchronization task could be interpreted as the addition
to the motion tracking with cross-coupling realized in such
a way that control errors converge to zero synchronously.
The cross-coupling error could be defined in both the con-
figuration and the operation space. Let ey, = Ty,e, stands
for the cross-coupling error in the configuration space and,
e;, = Tgpep stands for the task cross-coupling error in the
operation space. Matrices T, € R"*" and Ty, € R"™" are
assumed regular. If cross-coupling relationships e;; = 0 or
e;, = 0 are enforced by control then, due to the structure
of the cross-coupling matrices Ty, and Ty, the ¢, = 0
and/or e, = 0 will be enforced as well. This shows that
synchronization and motion tracking or task tracking could be
enforced concurrently. If the synchronization and the motion
or task tracking are applied together then the system may
exhibit a certain level of redundancy.

The dynamics of the cross-coupling error in configuration
space could be expressed as

[ esq = Tyqey

. is
esq - fsq - ifq

f, = ToA, 't o

£l =T (4712 + ) ©
where £, and ff}f stand for the synchronization control and
disturbance inputs, respectively.

The dynamics of the cross-coupling error in operation
space ey, with task h (q) = T»q = W% and cross-coupling
defined by eg;, = Tsyej, could be determined as

esn = Tonen
ésh = fsh - f?;ﬁ
fon = TshJAn_lf (10)
=T (A7 7 — Jg+ )
where fy;, and f‘f;f stand for the synchronization control and
disturbance inputs, respectively.
The dynamics (7), (8), (9) and (10) point out to the possi-

bility to formulate the synchronization of the motion control
of multiple axes in a few ways:
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i. formulation of synchronization control as a task control
in operation space with the task error ey, = Tyq —h'®
expressed as in (8) with J = T, € R"*". In this case,
cross-coupling of system motion is realized by a choice
of matrix T), € R"™*";

ii. the configuration space design based on the usage of the
motion tracking error e, and the cross-coupling error
e, = Ty.e,. The realization could be implemented:
(a) by establishing the coupled configuration space
control error eys,(ey, €s,) or (b) by merging control
inputs obtained from the motion controller 7, and the
control input f;, obtained from the cross-coupling syn-
chronization controller to form coupled control input
f4sq (Tqv fw);

iii. the operation space design based on the usage of the
task error e;, and cross-coupling error ey, = Tyep.
The realization could be implemented, similarly as in
configuration space, (a) by establishing the coupled
configuration space control error epg,(ep, eg) or (b)
by merging the control inputs obtained from the task
controller f;, and the control input fy, obtained from
the cross-coupling synchronization controller to form
coupled operation space control input £y, (£, f5).

In both configuration and operation spaces, a certain level

of redundancy could be obtained if the motion and the cross-
coupling are merged at the control input level.

D. THE COUPLED ERROR DYNAMICS

Before discussing the control design let us closely examine
the dynamics of the coupled errors in configuration space
€,54(€y, €5) and operation space epgp(€y, €g;) defined as in
(11) and (12) respectively.

€ysg = €q + aSy e, = Qe

(11)
Qusqg =1+ aS;Teg; 00 >0

(e, &eyq) = {

(er&ey) = { ensh = ey + BSpesn = Qpsey (12)
Qpsih =1+ BShTsn; B > 0
Here gains « > 0 and 8 > O stand for the weight of the
cross-coupling synchronization error and could be scalars or
diagonal n x n matrices. Matrices S (qu) and Sy, (Tyy,) are
diagonal with elements sy (Tsq) and spk (Tyn) equal to the
sign of the corresponding diagonal elements of the matrices
Ts4 and Ty, respectively. The transformation matrices 4,
and 2y, are regular by construction.
The dynamics of the coupled error in configuration space
€454(€y, €5¢) could be expressed as

[ €gsq = €q + aSqesq = Rgsq€y

. _ is
€qsq = T45q — tqu

I fisg = Qs 't

. . 13
tdts _ Slqsq (A;l‘tdls + iiref) ( )

qsq —

where f,s, and f‘;;; stand for the control and disturbance

inputs, respectively.
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The dynamics of the coupled error in operation space
ensn(en, egy) could be obtained as

ensh = ey + BSpesn = Lpgney
Ensh = Engn — 15

[ frsn = QusnA, T (14)

= Qhsh (JA{IT[”S -Jq+ ﬁref)

where fy, and f%}l stand for the control and disturbance
inputs, respectively.

The dynamics (13) and (14) have the same form as error
dynamics (7) - (10), thus the control for all these cases could
be designed in the same way.

lll. CONTROL INPUT DESIGN

The dynamics of the motion tracking errors (7), the task
tracking error (8), the cross-coupling synchronization errors
in configuration (9) and operation (10) space, and the coupled
errors (13) and (14) could all be written in the following form

6 =f, — 7" (15)

Here the control error e, takes values from the set
S: = {eg. en. s, €, €45q. €nsn}: the control input takes
values from the set F, = {rq,fh,fxq,fsh,quq,fhsh}
and the disturbance takes values from the set szlis =

dis pdis gdis gdis pdis gdi
{qur’ fzm’ f?(l;’ t?;ls f;’é; , f;’l’jh} The elements of the sets S,

F, Fz‘ﬁs are defined in corresponding equations (7) - (10),
(13) and (14). The dynamics (15) describe the decoupled
n— double integrators with two inputs: the control f, and the
disturbance 5.

The main goal of the design is to select a control input
f, that enforces the attractiveness and stability of the zero
solution of the generalized error o, (e, €;). In equilib-
rium, o, (e;,€;) = O the relationship between e, and €,
is determined by the solution of the differential equation
o (e;, €;) = 0. This opens a range of possibilities in select-
ing o, (e;, €;) such that specific requirements are met. Here
generalized error o, (e;, €;) is selected as a linear function:

o.(e,.6)=Cee,+é:0, eN*IC.,>0 (16

For o, (e;, €;) = 0 the convergence rate of error e, is defined
by the design parameter C, usually selected as a constant
diagonal matrix.

From (15) and (16) the dynamics of the generalized error
could be expressed as

dz:fz—fﬁ‘f
£ =% — Cé; (17)

Here f:? stands for the so-called equivalent control. For
f, = £27 the 6, (e,, ¢,) = 0. To enforce the convergence to
equilibrium the control input should have two terms. One to
compensate for f27 and another to enforce attractiveness and
stability of o, (e;, €;) = 0. The attractiveness and stability
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of the equilibrium o, (e;, €;) = 0 could be guaranteed if the
Lyapunov function candidate and its derivative are selected as

_olo,
) (18)
Viy, = GZT(TZ = —G'ZT\I’Z (0,) <0

To satisfy (18) the components of the vector function
W, (0;) should have the same sign as the corresponding
components of the generalized error, thus could be expressed
as Wy (0;) = |Wui(oy)lsgn(ox)k = 1,...,n. Such a
selection of the components W (o) yields the Lyapunov
function derivative as in (19), thus the stability conditions are
satisfied.

Wi (07) = [Wyu (07)] sgn (o)

Vlyz = _UZT‘I]:Z (02) (19)
. =n

e == [Wa (@)l lowk] <0

The control input for dynamics (17) that enforce stability
conditions (18) and (19) can be derived as

f,=17- ¥, (o) (20)

Plugging (20) into (17) yields the generalized error dynam-
ics to

6.+ W, (06,) =0 @1

The convergence is determined by the selection of the vec-
tor function ¥, (0 ;). To demonstrate the variety of solutions
in the selection of ¥, (0 ;) below some of the possibilities are
listed:

e VU, (0, = K0, K; > 0a positive definite diagonal
matrix, yields asymptotic convergence to ¢, = 0. The
dynamics (21) becomes ¢, + K.o, = 0. By proper
selection of design parameters (C,,K;) > 0 the
asymptotic convergence to e; = 0 is guaranteed;

e VU, (0,) = Usgn(o;),U > 0 yields dynamics (21)
as 0, = —Usgn(o;) and sliding mode motion is
enforced [19], [22]. The control input is discontinuous,
and chattering may occur in the system. After reaching
the equilibrium o, = 0 the convergence to e, = 0 is
governed by C.e; + €, = 0. The convergence rate and
the stability of e, = 0 are guaranteed by the selection
of the matrix C, > 0;

e finite-time convergence and sliding mode motion in
the manifold o, = 0 with continuous control could
be realized by selecting ¥, (6,) = K, ||o;||” sign (6;)
with0 < p < 1 [22].

A. APPLICATION OF THE EQUIVALENT CONTROL
ESTIMATION

Implementation of control (20) requires information
about f£7. For systems with uncertainties, the calculation ol
is not practical. Instead, the estimation f:? could be used.
The dynamics (17) has the same form as the plant dynamics
(2) thus the design of the equivalent control observer could
follow the same procedure as the design of the disturbance

125444

observer (3). Assuming the pair (o, f;) is measured, the
dynamics of the equivalent control is /' = 0 and an auxiliary
variable § = f;/ 4 Lo, of the equivalent control observer
could be constructed as

§= —f]‘-;;s_‘i‘éL_z (Ifza_ L.o,) } fé)q + szgq =Lf9 (22)
z ¥ Z

Here L, > 0 is a diagonal positive definite matrix with ele-
ments L > 0. The observer (22) estimates the components
of the equivalent control vector f. Using £ instead of £ in
control (20) yields the closed loop system dynamics to

6,+¥,(0) =p; (i-;q)

~eq ~eq

£ 4 LE = L (23)
p. (f;q) _ i*z?q g

fz:feq_q’z(o'z) =

z

Dynamics (23) describes an 2n— order system. If the sepa-
ration of dynamics between observer and generalized error is
realized then after reaching p, (f?q) = 0 the dynamics (23)
becomes the same as the ideal one described in (21).

With Wi (0;) = |W,k (0;)] sgn (o) the control as in (23)
yields the derivative of the Lyapunov function (18) as

f, = fﬁq -V, (0;)
W (07) = [Wy (0;)] sgn (o)

e =0To. = —oT (V.00 —p. (7)) @4

The derivative of the Lyapunov function could be
expressed as

e == > o (W (00— put (1)) 29)

The separation of dynamics for the equivalent control
estimation and the closed loop system the estimation error
Pz (f‘;q) — 0 and all its components p,x (f?q) —- 0,k =
1, ..., nfaster than the components o . If ¥ (0;) is selected
such that sgn (\Ilzk (0;) — Pz (f?q)) = sgnW¥y (o;) then
Viyz < 0 and the stability conditions are satisfied.

It is interesting to note that with a disturbance observer,
(23) the control input f; could be expressed as

= W00 - L [ (- £r)ar
f,=-Y. (o)) - L; / (6, + ¥, (0;)dt (26)

The control f, = fﬁq — W (o) realizes an integral action in
the closed loop system, by enforcing the f;! = ;! or &, =
-V (02).

The procedure shown in this section could be directly
applied to control problems described in Section II with the
appropriate selection of the error e,. This possibility to have
structurally the same control error dynamics is a basis for
the justification of the ways the design of the control may
be applied to satisfy the cross-coupling requirements.
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TABLE 1. The design procedure and parameters.

Design step & Equations Design Equation Design

parameter

1| System ?2) An(']' =q-1% A,

: . Adis

2| Observer design 3) | DOB : {Tq , 0, Lq } -1 Lq

3| Transformation O |e,= queq e, =T,e, qu orT,

4| Error dynamics (15) éz = fz — fzd[S R

5| Generalized error  (16) G, = Czez + éz CZ

6| Convergence 21) ¢, =-Y¥, (Gz) b (O'Z)

7| Observer design (22) DOB: {fz ,6.,L. } -1 L,

8| Control input (23) f, = f;q -V (62 ) -

The key steps with equations used in the design procedure
and the design parameters are summarized in Table 1.

The design procedure shows the key design parameters:
the nominal inertia matrix A,, observer gain matrices Ly,
L, and the generalized error gain C, The observer gains are
selected high with limitations related to the measurement
noise. The matrix C, depends on the desired bandwidth of
the closed loop and the available control resources. Transfor-
mation matrices Ty, and Ty, must be regular.

The selection of the convergence term ¥, (o0 ;) determines
the convergence of the generalized error. In most applica-
tions simple proportional term K,o ,K, > 0 is satisfactory.
Selection of the discontinuous or fractional order ¥, (0;) =
K, ||lo;||° sign (o ;) term leads to motion in sliding mode and
could be designed with predefined finite-time convergence.

B. AN EXAMPLE OF 2 DOF SYSTEM

In [19] a design of the synchronization for 2-dof motion
systems in operation space is realized using the Hadamard
H, projection matrix.

Here a 2-dof system (27) will be used as an example to
demonstrate step-by-step application of the design procedure
discussed in Section III. The nominal inertia matrix A, is
assumed diagonal, a,i > 0,k = 1,2

A =1 —7%

T =b(q, @) + 2 (@) + Tew + AAG 27)
T T

q=[q1 42] ;TZ[Tl Tz]

If the disturbance 7 is estimated then the control input T =

7" 4 £4i5 with assumption that separation of dynamics is
achieved, yields the compensated system dynamics as

Anq — geon _ p (fdis)
p (fa’is) — (Tdis _ fdis) =0
t—00

T
con __ con con
anil 0 T q = |: Tl Tz ]
A, = 5 T
0 an22 dis _ [ dis dis]

con ~dis

T=1 + 1t =

(28)
T
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T
The reference motion q'¢ = [qqef q;ef ] is assumed

known. The motion tracking error e,, the cross-coupling
synchronization error e, and the coupled error ey, are given
as in (29) where H, is the Hadamard matrix.

eg=q-q7
ey = Hoe, = Hoqg — Hoq'?

€ysqg = Rqsqeqs Qgsqg =1 +aS;Hy, a > 0

1 1 1 0
m-[} 4]s-[o 4]
_ 14+ o o]
Rysq = |: —ay 1+a2] (29)
The dynamics of the errors (29) can be expressed as

e, =q—q & =14— IZ”
e, = Hae, = | &y =Fy — (30)
gsq = Lgsqq €gsg = fgsq — f;?;

Here the control inputs 7, f;,f,5, and disturbances rgis ,

is is H
ffq and fgsq are given as

A;lr for dynamics (27)
T, =
1 A, Lzeon for dynamics (28)
dis Al g9 for dynamics (27)
rq = A—l ~dis .- ref :
. PLT +q for dynamics (28)
f"‘? =Hry . fq;q - qusqtq. 3D
fg,l; — Hz‘[gm tvqité] — ﬂqsqtgls

The corresponding generalized error o 4, 0 4, 0 454 and their

derivatives could be written as

— A . . — _ eq
o,=¢,+Cue;;C; >0 Og=Tg— Ty

on=¢é,+Cpep; Cp >0 Osq = f5q — 1]
s _eq
Ogsg = fgsq ff]sq

(32)

0 gsg = €qsq T Cgsqqsqs Cqsq > 0

Here the equivalent control input is defined as

» [ A, Lgdis 4 gref for dynamics (27)
T =

a A lp (fdis) +§% — A, 'C ¢, for dynamics (28)
sg = H2T;q
Bl = Rasg Ty (33)

The equivalent control qu, fﬁg and ff}zq could be estimated
by the observer (22) with an appropriate change of coordi-
nates. Application of control as in (23) yields the closed-loop
motion as

— 7% _ ; — 799 _ ¢4
T, =1 Ko, = 6 +Kjo,=1 T

q q q
— feq _ : — feq _ feq
fsq - f?q quaﬂ{ = Osq + quasq - f?q fﬁq
_feq _ . —f9 _ feq
fosq = ff;xq Kysq0gsqg = 0gsq + Kysg0gsq¢ = ff]sq ff]sq
34
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Another possibility is to combine the control inputs 7,4 and
f;, instead of the control errors e, and eg,. In this case the
coupled control input is expressed as

T =1, +2AH, By, (35)

The parameter A defines the relative weight of the synchro-
nization control input fg,. Control (35) introduces redundancy
into the overall structure and, as will be shown in simulation
and experiments, a system with such control could toler-
ate a loss of some controller-generating components of the
Vector .

The design parameters for the 2-dof system design are:

(i) the gains in the disturbance /1., l>; and equivalent con-
trol observers /1., l5.. These parameters depend on the
measurement noise and the desired bandwidth of the
closed-loop system;

the components of the generalized error gain matrix
Cy, Cyy, Cysq define the convergence rate of the con-
trol error to the equilibrium e, = 0,e,, = 0, and
e;q = 0. Their selection depends on the desired
closed-loop bandwidth;

the feedback gains K,, Ky, Kyy, define the conver-
gence to the equilibrium o0, = 0,04 = 0, and
04sq = 0. Together with generalized error gains the
choice of K, Ky, Ky defining the “stiffness” of the
closed-loop control.

the gains «, B and XA define the weight of the synchro-
nization error and control. In our experiments «, S,
A < 1 are used.

The choice of the cross-coupling matrix H is restricted
to the full-rank matrices. One way of derivation of
the transformation matrix H if direct construction of
Hadamard matrix is not feasible is shown in [23].
In general, any regular matrix could be used.

(i)

(iii)

@iv)

)

The structure of the system is shown in Figure 1. (a)-(c).
The operation space control with synchronization error ey, =
H»e, and the synchronization controller with structure with
f;, is depicted in Fig. 1. (a). The system with coupled error
esq = Sysq€, and control £y, is depicted in Fig. 1. (b).
In Fig. 1. (c) the combination of the motion tracking and the
synchronization at the control input level is shown.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION
In simulation and experimental verification of the proposed
algorithms, a four-axis system is used with DC motors as
actuators. The parameters of actuators are shown in Table 2.
The interaction with the environment (represented by external
force in the mathematical model) is treated as a disturbance.
In both simulation and experiments, the motor torque is
treated as the control input. The estimation of the distur-
bance is realized for each axis separately. The nominal motor
parameters are used in the control design.

The task is defined as the synchronization of the trajec-
tory tracking. The motion tracking errors e = qr — q,rff

k =1, ...,4and motion references q,ief (¢) are, in simulation
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£, =-K, o, +i7
50 1% Tl [ |

T = A,

¢, =q-q";c, =Hye,
for = Kooy +15%

con _ -1
ot = ARl

€. =2 e

axeCo

Q =T+aSH,

Oog =€y +Coniy

e

dis
Z'“

—q-q"
€ =445
ow\ = e«\ 2 C«lcul

= 29
T, = Kq,o'q, +7,
H

q

con _
g =8y

FIGURE 1. The structure of the 2-dof synchronization system:
(a) synchronization task control; (b) cross-coupling coupled-error
synchronization (c) the coupled control input synchronization control.

TABLE 2. The data on DC motors.

Parameter Symbol Value
Motor Type 2642W012CR
Supply voltage v, 12V
Max. Supply current I 2 A
Moment of inertia J 107 kgm?
Inductance L, 130 uH
Resistance R, 1.420 Q
Motor nominal speed , 12.65 rad/s
Gear ratio G 43
Encoder 1E2-512 512 Lines/rev
Motor driver MCDC3006S
Sampling frequency 35 kHz

and experiments, selected as constants or sinusoidal defined

as eq1

q1
q2

q4
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sin (0.271) (36)

or

‘
g
|
EENLOS I O R
AW N =

The cross-coupling synchronization error is defined as in (37)
with e;; = Hye, where Hy is given as

esql 1 1 1 1 eq1
e | |1 —1 1 -1 e 37)
€sq3 1 1 -1 -1 eq3
€sqd 1 -1 -1 1 eq4
€sq Hy €

The simulation and experiments are aimed to show the
following control system features:

e the behavior of the system without and with cross-
coupling synchronization control;

e the behavior of the system if the cross-coupling syn-
chronization control is combined with motion tracking
control by coupled error (11) (system structure as
depicted in Fig 1. (b) for 2" order system);

e the behavior of the system if the cross-coupling syn-
chronization control is integrated with motion tracking
control by coupled control (35) (system structure as
depicted in Fig. 1 (c) for 2" order system).

A. SIMULATION OF A 4-DOF SYSTEM

Simulations are conducted in a Matlab/Simulink environ-
ment. The simulation experiments are implemented under the
following conditions:

1) EXPERIMENTS WITHOUT SYNCHRONIZATION
e the structure of the disturbance observer for each axis

as shown in (3) DOB {qu, ok, qu} — f;,f‘v,
k=1,...,4;

e the motion tracking errors e = qp — q,:ef Lk o=
1, ..., 4 are calculated as in (36). The generalized errors
for each axis are calculated as in (32) with o = égx +
queqk;

e the equivalent control is estimated for each axis using
the observer as (22) DOB : {tq, ogk, Ly} — fqe,? k=
1,...,4;

e the motion tracking control input is calculated for each
axis as in (23), Ty = f;,f — Kgogesk=1,...,4.

2) EXPERIMENTS WITH CROSS-COUPLING

SYNCHRONIZATION
o the components of the synchronization error ey, = Hse,

are calculated using transformation (37). The general-
ized errors are calculated as in (32) with oy = ésgr +
Csqesge, k=1,...,4.
e the equivalent control is estimated for each axis using
: . peq
ol?server as in (22) DOB : {fuk. Osgks Loqik} — /, o
with, k =1,...,4.
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3) EXPERIMENTS WITH CROSS-COUPLING
SYNCHRONIZATION ERROR
o the components of the coupled error e;5q = Ry5q€, are
determined using transformation 45, = I +aS,H4, and
Hy asin (37), S; = diag (1, -1, -1, 1);
e the equivalent control is estimated for each axis using
observer as in (22) DOB : {fysqk» Ogsqk Lasqk} — f
with, k =1,...,4.

eq
qsqk

4) EXPERIMENTS WITH COUPLING SYNCHRONIZATION
CONTROL
e the control 7, and synchronization control f, are calcu-
lated as shown in A: and B: above. The coupling of these
two controls is realized by T = 7, + )»AnHZIfsq.

In all simulation experiments, the control input is not lim-
ited. This solution is adopted to show the ideal behavior and
compare the transients with ones obtained in the experimental
system in which the input is limited by the allowed current
delivered from the driver.

TABLE 3. The design parameters used in simulation and experiments.

Design step & | Parame Axis
Equations ter #1 #2 #3 #4

1 |System @ A, 10°kgm? [ 10 kgm? | 10° kgm? | 10~ kgm?
2 Observer  (3)| L, 2500 | 2500 | 2500 | 2500
3 [Transform  (9)] H, H, H, H, H,
4 E 16) i

mor (16) i ¢ 250 100 | 250 330

simulation
5 |Conv. gain (21

Conv. gain G ¢ 6.5 6.5 6.5 6.5

1n experiments
6 [observer  (22)] L. 2500 | 2500 | 2500 | 2500
7 [Error 13| « 0.8 0.8 0.8 0.8
8 |Control A 038 038 0.8 038

The parameters used in the simulation and experiments are
shown in Table 3. Note that elements of the matrix C, are
not kept equal. That is visible in the upper graph in Fig. 2
(motion without synchronization) by examining the settling
time. Such parameters are selected to emphasize the influence
of the convergence term in forcing equal settling time in all
axes (lower diagram in Fig. 2.). Due to the limits on the
control, this effect is less emphasized in experimental results
depicted in Fig. 6. The settling time is given in Table 4.

In Fig. 2 motion errors for system transients for starting
from zero initial condition to constant references defined in
(36) are shown. The upper diagram is for systems without
cross-coupling and the lower diagrams show transients with
coupled error (13). The simultaneous convergence in the case
of cross-coupling synchronization is clear.

The transients for synchronization control with coupled
controlinput T = 14 +)LA,,HZlqu are depicted in Fig. 3. The
convergence from zero initial conditions to reference motion
and the failure of motion tracking in the axis g; att = 2.51s
are shown. The operation of the system and recovery of the
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0 r : 3 =
=-1 ' —e 1
5 — e
[} 2 |4
27 z
< q3
-3t i
_eq4
4 ‘ ‘ :
0 0.5 1 1.5 2
0
—e
51 !
o — €2
(0]
-2 €43
[
< —e,,
3r
0 0.5 1 1.5 2

Time(t)[s]

FIGURE 2. The motion tracking error without (upper diagram) and with
cross-coupling synchronization (lower diagram).

TABLE 4. The settling time in simulation and experiments.

Parameter Unit Axis
m | wm | m | m
Transients without synchronization (simulation)

Settling time | tx[s]I 0.36 | 1.82 | 1.65 ‘ 0.85

Transients without synchronization (experiments)

t.\.[s]‘ 1.02 ‘ 1.25 ‘ 1.65 ‘ 223

Settling time

Transients with synchronization (simulation)

tx[s]‘ 1.22 ‘ 1.22 1.22 ‘ 1.22

Settling time

Transients with synchronization (experiments)

Settling time | tx[s]I 1.56 | 1.56 | 1.57 ‘ 1.56

synchronization is clear, which confirms the redundancy in
the selected control system structure.

The steady state errors in simulation and experiments are
given in Table 5.

The transients from zero initial conditions and zero cross-
ing for the system with sinusoidal references (36) are shown
in Fig. 4.

Simulation results illustrate the functionality and salient
features of the proposed design. They confirm the desired
behavior with both coupled errors and coupled control cases.
The loss of one of the controllers in the motion control loop
and the re-establishment of the synchronization as shown in
Fig. 2 confirms a redundancy property of the proposed design.

B. EXPERIMENTAL RESULTS FOR 4 DOF SYSTEM
The experimental validation of the proposed design is con-
ducted on a set-up consisting of four actuators as shown
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Angle(rad)

Time(t)[s]

FIGURE 3. The motion tracking and simulated loss of the motion tracking
controller for q; att =2.51s.

TABLE 5. The steady-state error in simulation and experiments.

Parameter | Unit Axis
1 w | wm | m

Transients without synchronization (simulation)

6-107

Steady-state

e, [rad] 51-107° |4.5-10° | 4-107°

€rror

Transients without synchronization (experiments)

e, [rad]| 4.10°°

Steady-state 4.1-10%3.5.10% [3.3.10°

€rror

Transients with synchronization (simulation)

Steady-state e, [radl 5.1-10° | 5-10° |4.1-107° | 3-107

€ITor

Transients with synchronization (experiments

3.2:107[2.5-107° (2.3-107°

Steady-state e, [rad]| 3.1 0

error

15
Time(t)[s]

93~ 95
3 —q,- 4, 82 84 86
Time(t)[s]
4t | T I8
2 4 6 8 10 12 14

Time(t)[s]

FIGURE 4. The synchronization of the motion with sinusoidal references
of different amplitudes.

in Fig. 5. The control algorithms are implemented in the
dSPACE environment with the DS1005 as a controller card,
DS3001 encoder card, and DAC card DS2103. The sampling
interval in all experiments is kept constant 7 = 28.5us.

VOLUME 11, 2023



$. DZakmi¢ et al.: Uncertain Systems Motion Synchronization

IEEE Access

FIGURE 5. The setup used for the experimental verification of the
proposed design.

4, e e e e e = = e = = =
| sl s g
1 ref
37| ________ _qz"qu
1
§ : =gy =¥
= —qg -.q
G2 -f-= A~
)
c 1
< 1
1
10 =
1
1
[/
O 1 1 1 1 1 L 1

5 5.5 6 6.5 7 7.5 8 8.5

4r = - -
1 _q1-'1ref
' —q, - q7
L |__ | 2 2
3
2 | =g =gy
@ 1
Bt o= — -
?5 1
c 1
< 1
1
1r 1= ===
1
1
[
0 1 L L 1 L 1 L

5 5.5 6 6.5 7 {5 8 8.5
Time(t)[s]

FIGURE 6. The motion tracking without (upper diagram) and with (lower
diagram) cross-coupling synchronization for constant references.

The experiments are implemented for the same references
and controller parameters as the corresponding simulation.
The key difference between experimental and simulation is
the limit of the control input applied in the experiments which
has not been applied in simulation. That could be detected in
the initial transients or transients with large errors that caused
control saturation.
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FIGURE 7. Cross-coupling synchronization control for sinusoidal
references.

g - - W - - -
05f =€ =E€ysl]
- esqz - esq4
Ak 4
g -1.5F v A
1 = U
2 2r " 1
< =-0.2
<2
251 204 ]
<<
-3r 9.5 10 10.5 1
Time(t)[s]
35- .
85 9 95 10 10.5 1 115 12 125 13

Time(t)[s]

FIGURE 8. The synchronization error for the experiment shown in Fig. 7.

- 414,
| _ ]
s - a4 % 0
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A Time(t)[s] . ‘ ‘
22 24 26 28 30 32
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FIGURE 9. The trajectory evolution for sinusoidal references and the
motion controller loss for the actuator g, at t = 25.1s.

In Fig. 6 the transients from zero initial conditions to a
constant reference with and without cross-coupling synchro-
nization are shown (the synchronization control is realized
with coupling error e, = 245,€,). Transients depicted in
Fig. 6 illustrate the validity of the proposed algorithm and the
consistency of the simulation and experimental results.
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FIGURE 10. The changes of the synchronization error in the experiment
shown in Fig. 9.

In Fig. 7 the cross-coupling synchronization with coupling

control T = 74+AAH, lfsq is shown. The synchronous zero
crossing for all axes is shown.

The augmented synchronization error for the reaching
stage from zero initial conditions is shown in Fig. 8. The
straight-line motion in all axes is due to saturation of the con-
trol torque and consequently saturation of the motor speed.

The zero crossing and the evolution of system behavior in
the malfunction of one of the motion controllers are depicted
in Fig. 9. This experiment is conducted under the same con-
ditions (different time windows) as the one shown in Fig. 7.
Here malfunction of the controller in the axis g appears
at + = 25.1s. In the zoomed part the effect on the zero
crossing for all four actuators is shown. The changes in the
synchronization error in the same experiment are depicted
in Fig. 10.

The simulation and experimental results demonstrate the
validity of the proposed algorithm and the effectiveness of its
usage.

V. CONCLUSION

In this paper, a framework for the design of the cross-coupled
motion synchronization control for uncertain multi-axis sys-
tems is discussed in detail. The proposed design could be
applied in different configurations: (i) as a motion (posi-
tion or speed) or task tracking control design, (ii) as a
cross-coupling synchronization controller in which the syn-
chronization is enforced by setting a functional relationship
between system states; (iii) a combination of the motion
tracking and error based cross-coupling control. The pro-
posed formulation allows controller design that will enforce
the desired convergence of the generalized error while keep-
ing the same structure of the controller. Specific application
of the unknown input observer within the controller allows
efficient application for uncertain systems. The simulation
and experimental results verify the effectiveness of the pro-
posed algorithm. Further research in this framework may
include the selection of the structure of generalized error and
the convergence term ¥, (o ;) to enforce predefine finite-time
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convergence of the control error, the implementation of dif-
ferent observers and adaptation for the changes in the nominal
inertia matrix. Interesting work would be the extension to the
compliant control systems.
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