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ABSTRACT In gantry systems, load usually moves according to different production tasks. The continuous
change of the beam centroid position is a non-negligible factor for achieving high-performance synchronous
control. Therefore, it cannot be simply treated as an external disturbance. In addition, advanced controller
design and model parameter identification are very important for precision motion control systems. This
article addresses the synchronous control of dual-drive gantry platforms with load movement to improve their
steady-state and transient performance. Based on the analysis of the rigid and flexible characteristics of gantry
mechanical components, a rigid-flexible coupling dynamic model is proposed, which provides a theoretical
basis for the control system design. To ensure zero steady-state tracking error and parameter convergence
in the presence of parameter uncertainties and unknown disturbances, a composite adaptive control method
integrating excellent output tracking performance and parameter estimation is presented. Furthermore, the
bridge between load movement and centroid position is established through frequency domain identification,
which facilitates reasonable thrust distribution. Comparative experimental results are presented that confirm
the effectiveness and advantages of the proposed synchronous control scheme.

INDEX TERMS Composite adaptive algorithm, load movement, synchronization control, system identifica-

tion.

I. INTRODUCTION

Modern industry is constantly moving toward refinement, ef-
ficiency, and intelligence, which also requires continuously
improving performance of production and processing equip-
ment. In recent years, dual-drive gantry stages have attracted
much attention as the core component of the new generation
of high-end equipment, in fields, such as semiconductor pro-
duction, electronic assembly, digital printing, or biomedicine,
and has set off a research upsurge from industrial scholars [1],
[2], [3], [4], [5], [6], [7]. Different from the cooperation be-
tween traditional rotary motors and ball screws, the essential
advantage of dual-drive gantry stages lies in their unique

structural characteristics and the joint driving method of dual
linear motors, which allows systems to obtain large thrust
while avoiding the energy loss caused by the wear of me-
chanical transmission. However, coupling constraints between
redundant axes and complex industrial environments make
it extremely difficult to accurately determine the dynamic
model of the system. Unavoidable parameter uncertainties
and unknown nonlinearities (such as ripple force, nonlinear
electromagnetic force, friction model uncertainties, or exter-
nal random disturbances [8], [9], [10], [11], [12], [13]) in
the dual-drive gantry system also bring serious challenges
to actual production control. In particular, the accuracy of
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synchronous tracking directly affects processing quality and
production efficiency of products. In addition, the robustness
and transient steady-state performance of gantry systems are
also factors that must be considered in the design of the cor-
responding controllers.

In order to overcome the aforementioned difficulties, many
control algorithms, such as sliding-mode control (SMC),
adaptive control, iterative learning, artificial neural network,
or observer control, have been applied and achieved good
results [14], [15], [16], [17], [18]. Dong et al. [19] studied the
fast positioning and tracking problem of single-axis gantry,
and proposed a global nonsingular SMC law by combin-
ing the natural logarithm function, which make the system
achieve better accuracy and fast convergence. In order to ef-
fectively deal with disturbance problems in periodic tasks of
linear motors, an intelligent observer control method based
on wavelet neural network is proposed in [20], achieving
the good tracking and robust performance. Kira et al. [21]
extended the single-axis iterative learning algorithm and pro-
posed a contour controller design based on the cross-coupling
control scheme to improve motion control accuracy of the
whole gantry system. In order to overcome problems related to
parameter uncertainties and nonlinear disturbances, an adap-
tive robust control (ARC) algorithm [22], [23] integrating
parameter adaptation rate and robust control law is proposed
and widely used in mechatronics systems. The direct ARC
algorithm has significant advantages in reducing the output
tracking error, but the estimation of the system parameters is
only guaranteed to be bounded and cannot converge to the real
value. The indirect ARC algorithm aims to reduce parameter
estimation error, but the transient response of the resulting
system is poor due to the lack of fast model compensation,
and its stability is very conservative. Therefore, a composite
adaptive control algorithm is proposed in this article to ensure
that the system has zero steady-state tracking error and param-
eter convergence characteristics in the presence of parameter
uncertainties and nonlinear disturbances.

Synchronous control with coupling effects is particularly
complex and has received significant attention from re-
searchers [24], [25], [26], [27]. The upper limit for the
performance of gantry stages often depends on the accuracy
of system’s model and control. Different from the previous
fully rigid model assumption of dual-drive gantry systems,
Chen et al. [28] considered the flexible characteristics of ball
bearings at the linear guide. Combined with the frequency
domain response curve, the existence of non-negligible high-
frequency flexible dynamics was noted, and a more reasonable
second-order rigid-flexible coupling model was derived. Li
et al. [29] also analyzed the flexible characteristics of the
gantry crossbeam subsystem, and realized the thrust distribu-
tion of the two driving shafts with ARC algorithm, so that
good synchronization performance was achieved in terms of
steady-state accuracy. Li et al. [30] used an online parame-
ter estimation algorithm to predict the centroid of the beam
under static load, and thereby improve the steady-state and
transient performance of the system. In spite of the importance
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FIGURE 1. Dual-drive gantry stage with load movement.

of the topic, the impact of load motion on the system as an
external disturbance is usually not considered by researchers.
However, the change of the beam centroid position caused
by the load is indeed a non-negligible factor and an urgent
problem to be solved for precision synchronous control. The
relationship between the rotation center of mass and load mo-
tion is defined in the form of a function in [31], but the method
of thrust distribution there sacrifices the transient performance
of the system.

Based on the analysis mentioned above, the main contribu-
tions and challenges of this article are as follows.

1) Fully considering the kinematic characteristics of the
gantry system, the establishment of a coupled dynamic
model is the primary task.

2) Design an excellent controller to effectively deal with
parameter uncertainties and unknown nonlinear distur-
bances in the system.

3) The relationship between the load movement and the
center of mass of the beam is established to further
improve the synchronization control accuracy.

The rest of this article is organized as follows. In Sec-
tion II, the coupling dynamic model of the gantry subsystem
is defined and the input/output transfer function is derived.
The design of the proposed composite adaptive controller is
presented in Section III. In Section IV, the dynamic rela-
tionship between centroid position and load is determined
by frequency domain identification. Comparative experiments
to validate the proposed control method are presented and
discussed in Section V. Finally, Section VI concludes this
article.

Il. PROBLEM FORMULATION

A. KINEMATIC DESCRIPTION

A dual-drive gantry stage with load movement is represented
in Fig. 1. The mechanical beam, including linear motor (or-
ange), rigidly connected slider (blue), and reading head of
grating ruler (magenta), is fixed at both ends of the gantry
stage.
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Ignoring the small lateral deviation of the beam during
rotation, the generalized coordinates OXY and the rotating
coordinates Gab are defined, respectively. 6%y represents the
mapping of OXY on Gab. Without loss of generality, the
centroid positions of mechanical beam and moving head (in-
cluding the payload) are respectively expressed as Gy and Gx,
whereas the equivalent centroid positions of the whole beam
(including mechanical beam and moving head) are expressed
as G, and their positions change with load movement. X rep-
resents the displacement of the grating encoder, and Xy is the
offset of the centroid of the moving head caused by uneven
load distribution or encoder installation error. When the beam
rotates, it intersects the grating ruler, linear guide, and linear
motor at Py, Py, and Pp;, respectively, and their nominal
span values can be obtained by either consulting the technical
manual or through measurements. The position coordinates of
the two ends of the beam are denoted by (x1, y1) and (x2, y2),
respectively. Obviously, according to the position coordinates
y; obtained by the grating encoder (i = 1, 2, and y; = ye),
the geometric relationship y; and rotation « («¢ ~ 0) can be
expressed as

Yul = YG — Sa18in(a) X yg — Syo
Yx2 = VG + S*Z sin(a) ~ VG + S*ZO[
a ~ sin(a) = (y2 — y1)/Se (D

where % represent the characters e, g, and m, respectively. S, =
Se1 + Sez 1s the distance between two parallel grating rulers
along the Y -axis.

B. DYNAMIC REPRESENTATION

This article focuses on the synchronous control of the gantry
system with load movement, without involving the dynamic
modeling of the moving head. Ignoring other unknown dis-
turbances for the moment, the system is affected by electro-
magnetic driving force F; and friction force Fj. The servo
driver with current loop feedback control has high internal
bandwidth and large gain, so the electrical dynamics can be ig-
nored. The driving force model of the motor can be described
as Fni = K;U;. K; represents the driving thrust coefficient of
the motor, and U; its the control input voltage. The construc-
tion of an accurate friction model is a complex task, for which
the popular Lugre model with rich friction phenomena can be
used, expressed as [11]

F6) = [ 1 (5 — e () JsmGo + 0 @

where F. is the Coulomb friction force, F; the maximum
static friction, and y; and y; the motor feedback speed and
critical Stribeck speed, respectively. y is the viscous friction
coefficient, and § an empirical design parameter.

Noting the presence of the sign function in the first term on
the right side of the equation, the discontinuity of the model at
zero velocity excites the high-frequency dynamics of the sys-
tem. In practice, continuous or sufficiently smooth functions,
such as S¢(y) = arctan(500y), are used as approximations.
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Therefore, the friction model can be rewritten as
Fr(yi) = Biyi +AiSp(yi) i=1,2 3)

where B; and A; represent viscous friction and Coulomb fric-
tion coefficient, respectively. The ball support is squeezed
and deformed when the crossbeam rotates, and the equivalent
work generated at the guide rail can be expressed as [26]

Wri = Ky “4)

where K, represents the equivalent rotational stiffness, which
reflects the relationship between rotation angle and con-
strained internal force.

For the sake of simplicity, let us define the following math-
ematical symbols: ek represents the dimensionally simplified
value of relative motor thrust coefficient K (i.e., ¢k = ¢/K});
e and e are the constant and time-varying components of e,
respectively; @ and @ denote the estimated value and esti-
mation error of parameter e (i.e., 8 = @ — eo); the low- and
high-frequency components of signal e are defined as e,
and e*, respectively; eni, and en,x stand for the minimum and
maximum values of parameter o; signal e is expressed as o
after filtering function processing and o (e) is the eigenvalue
of e.

Using Newton’s second law, the coupling dynamic model
of the dual-drive gantry stage system can be expressed as

Myc = uy + Ko — Bpyc + Bgd — ApSy (V) + dyk
Jid = — Spiuy + KypSpouz — Bgeat — Kyea + Bgiye
+AgSr(6) + dak )

where K, = K>/K1; M}, and J; represent the inertial mass and
rotational inertia of the whole beam, respectively. In addition,
A =Arg +Azp, Age = A11Sg1 — A2k S, By = Biy +
Boks Bk = B11Sg1 — BaxSg2, Bk = BlkS; + szng. dy =
dyy + dyy and dyi = dyy + dyy Tepresent various uncertainties
and contain modeling approximation errors ApSr(yG) —
AuSr(i) and AgeSr(¥g) — (— 1) LAy S £ (3:)Sgi, respectively.

To analyze the control input (U;) / output (yg) dynamic
response of the system, ignoring the Coulomb friction term
and various uncertainties, the Laplace transform of (5) can be
obtained as

1 Jks? + [Bgs — BgeSm ] s + Ka
MkS2 + Bfks JkS2 + Bgies + Ki

Pi(s) =

ki JkS2 + [Bsk + ngsz] s+ K
Mys? + Bfks Jis? 4+ Bys + Ky '

Py(s) = (6)

Note that ng is omitted because Ky My + BBy > Bﬁk.
Furthermore, the expression in (1) is introduced into (6),
which allows (6) to be rewritten as (U; — y1)

1 (Jk +MkSelSm1)52 + C1s + Kk
Jis? + Byes + Ko

_ kim (Ui — MiSe1Sm2) s* + Cos + Ky
Ms? + Byis Jis? 4+ Bgs + Ky

P5(s) (7
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FIGURE 2. Block diagram of the proposed composite adaptive
synchronous control.

where Ci = By — BgSet — BgkSm1 + BiSe1Sm1 and Gy =
Bk — BgiSet — BriSe1Sm2 + BgrSma. The first-order inertia
link corresponds to the low-frequency rigid dynamics of the
system, whereas the high-order transfer function form with
zero poles represents the high-frequency flexible dynamics.
Defining the normalized matrix vector p = [yg(t), a(t)]”,
the dynamic equation (5) of the dual-drive gantry stage in the
generalized coordinate system can be rewritten as

Mpp+Bpp+Kpp +ApSp(p)=v+d,+d,  (8)

where p = [y(), a(®)]T and p = [J@),a(t)]T are the
velocity and acceleration vector matrices, respectively,
and v = «fuy, up]’ is a virtual control input with « =
[1, Kpn; —=Sm1, KnSm2].

Taking into account the dimensional level of K, and
rewriting the linearized representation of the physical model
parameters, one has

O = [My, Ji. Bfi, Bak, By Kar /163, A i, Age, dyie, do]” -
©)

Through reasonable analysis, the following assumptions are
made for the actual physical system.

Assumption 1: Both the parameter vector and the uncer-
tainty disturbance component in the dual-drive gantry system
are bounded and can be expressed as

9 €Qy 2 (P Omin <0 < Fman (10)

dy € Q4= {d,: |dy] < o)) (1)

where ¥pin and Pyax are known constant vectors, and g, is a
known design function.

Before designing the synchronous controller, it is nec-
essary to clarify that the expected input of the system is
pa = [ya(t), 017, and the resulting error vector e = [yg(t) —

ya (), a1

IIl. SYNCHRONOUS CONTROLLER DESIGN

The proposed composite adaptive synchronous control for
the dual-drive gantry stage with load movement, depicted in
Fig. 2, is used to deal with various uncertainties and nonlinear
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disturbances (e.g., friction, unmodeled dynamics, measure-
ment noise, load changes, and environmental disturbances)
in the system. It consists of a parameter estimation module
(green box), an expected model compensation module (or-
ange box), and fast model compensation and robust feedback
module (blue boxes). In addition, the asymptotic convergence
of parameter estimation is guaranteed under the condition of
continuous excitation. The dynamic centroid position calcula-
tion link (yellow box) is used as bridge between the centroid
position of the beam and the load motion, which facilitates
reasonable thrust distribution and ensures good steady-state
and transient system performance. The detailed controller de-
sign process is described in the following subsections.

A. ADAPTIVE LAW

Using known parameter priors to construct adaptive laws, and
a projection-type adaptive law with rate limitation is intro-
duced as

9 =:MH&M(Iij§(Fr)) 3(0) € Qp (12)
where 1§M is the preset upper bound of the adaptation rate, and
I" and 7 represent the adaptive rate matrix and the estimation
function to be designed, respectively. The mathematical form
of the saturation function sat bur (e) is given by

L iffle] <du
S ;
L if el > Dy
el

Furthermore, the standard projective adaptation rate is ex-
pressed as

satﬂxM(o) = sp®, S0 = (13)

T
k) 5 T
. I—FT o,ﬂeaﬁgandon7§>0
Proj;(e)= nﬁrnﬁ
o, z§es_2'§orong<0

(14)
where ng denotes the unit normal vector outward at & € 92y,
and 92y and 3y are the boundary and interior of 2y, respec-
tively.

Lemma 1 (see[23]): Using the rate-limiting projection type
adaptive law to update parameters, the following properties
apply for any t:

Pl' ﬂzmm E ﬂl(t) S ﬁimin’ i = 19 2’ ceey

P2. #T (I ~!Projs(I't) — 7) < 0,V1;

P3. B0 < V. V.

9, 10;

B. PROPOSED COMPOSITE ADAPTIVE CONTROL
Model compensation and robust feedback are modularly de-
signed to reduce error tracking. Sliding-mode variables are

introduced to simplify the design process
e=¢é+cCe (15)

where ¢ is a 2x2 positive definite diagonal matrix. Therefore,
the first-order inertia transfer function form of (15) makes ¢
and e have the same convergence property, i.e., ¢ — 0 with
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e — 0. Next, a semi-positive definite energy function is de-
fined as
1 7 1 r
V)= EE Mpye + Ee K.e (16)
where K, is a positive diagonal matrix to be designed.

Differentiating V' (¢) and substituting (8), the result after sim-
plification yields

V(t)=e"[v+ (dy — Mppa — Bppa — Kppa — ApSt (Pa)
— Bpé — Kpe — Apgré + Mpté) +d,| + e Keé

=& [+ @ (P, p,)V +dp] + e Keé (17)

where gre = Sy(p) — Sy(pa) represents the expected approx-
imation error component in Coulomb friction. @(p, p,t) is
called a regressor matrix with parameters, which can be
decomposed into two parts: expected regressor matrix and
regressor residual matrix

@(p, p;1) = Pa(pa, pa> Pa:-1) + P(e,é,1)  (18)
and, one has
D4(pa. pa. pa- 1) =dp — Mppg — Bypy
— Kppa —ApSy(pa).  (19)
From [30], @ (e, ¢, t) satisfies
1D91 < yllell + Lallell® + €allell + allelllle] (20)

where ¢;, (i = 1, 2, 3, 4) is the corresponding constant coeffi-
cient.

As analyzed in (17)—-(19), the expectation compensation
technique is used to replace the regressor @, with only
expectation information for @ for parameter learning and
estimation, which avoids measurement noise pollution. The
control law of the closed-loop system is designed as

U = Uy + U
Ug = Vgl + Va2
U= {Us = U] +Ug (21)
Ugl = —q)dﬁ
vt = —Kie — Kee — Kylle|e

where v, and vy are the control inputs of the system. v, is
the expected model compensation term, and the parameter
estimation value 9 can be guaranteed by adaptive rate (12);
v, is the fast dynamic model compensation term, introduced
below; vy is an integrated robust feedback term, used to en-
sure system robustness, which can be divided into two parts,
vs1 and vy according to different uses; K, K., and K, are
positive definite diagonal matrices designed to satisfy

1 1
O-min(Ksl) > 561 + £3 + Z&;

1 1
Omin(Ke$) > zel + Zez

omin(Ka) = €2 + €4 (22)
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that guarantees that Q > 0, i.e.,

0= |:(7min(Ke§) - 71152

1
—1¢
)

7%l

Omin(Ks1) — €3 — 144

Noting (17) and (21), the residual model residuals are de-
fined as

] X

—®g0 +dp =dpe +dy 24)

where the low-frequency component dp, can be processed
by the compensation term of the fast dynamic model, whose
specific form is

Va2 = ~dps, dp = Proj; (¢e) and [dpe| < dpimax  (25)

where ¢ and d)«max denote the adaptive gain matrix and the
upper bound of model compensation, respectively. An exam-
ple of nonlinear robustness vy is given by

up = —Kpe, Ko > (1 +0l®al> +53)  (26)
that satisfies
o {USZ —dp +d;;} <h
elup <0 (27)

where h = hlglz, + ho|| 9% + h3d§*max is used to quantify the
remaining model residuals and uncertainties. In addition, both
h; and (; are positive constants with (; = 4%[, i=1,2,3.

Theorem 1: The control law (21) and adaptation rate (12),
(25) are applied to the dual-drive gantry system, which en-
ables all signals to be bounded. For V (¢), one has

V(1) < exp(—nt)V(0) + % [1—exp(—nt)]  (28)

where n = 2Umin(Q)/{maX[Umax(Mp)» Omax (Ke)]).

Proof: Simplification by introducing (15), (18), (21), (24),
and (25) into (17) yields

V() =e" [~Pud + va2 + Us + Py + DY +d, | + & Keé

el [—dp +vs — PaP +d, + V] + e’ K6

el [us —dpe + 3 + 0519] +e K,é
|

IA

o7 (v + via = dpe + 3 | + el B + " Ke.
29)

Further introducing (20), (22), (23), and (27), one has
V@) < e” (v — dpe +d3) = Kallel® = Kallel el
+ Lillellllell + L2llelllel + esllell* + Lallel* el
— K.t llel?
< —omin(l2 + £a)lel*[lell* — omin (K]
— omin(Ke)llel” + €y lellllell + E2llelllel* + €3llell®
+ LallelPllell + A
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177 17%
2 2
< -l [IIEII - 5} llell” — £4 [II@II - 5] lell

1
- [Umin(Ksl) — 43— 134] lell” + exlielle]

1
- [Umin(KeZ) - Zﬁz] lell* + A

<—zlQz+h

<-nV+h (30)

where z = [|le|, l€]|]7, and Theorem 1 is proved.

C. PARAMETER ESTIMATION ALGORITHM

The closed-loop system guarantees the boundedness of all
signals under control law (21) and adaptive rate (12), which
allows various reasonable estimation methods to be applied to
identify unknown parameters. Consequently, it is necessary
to design an estimation algorithm with good enough con-
vergence characteristics to achieve asymptotic convergence
of the final output tracking and parameter estimation of the
system. Assuming that there is only parameter uncertainty in
the system (i.e., d;, = 0), (8) can be rewritten as

v =Yio

where 7 is the regressor matrix processed by the fourth-
order Butterworth filter Hy. The resulting estimation error is

€29

& =vj (0 —0)=vfJ.
The standard recursive least squares estimator (RLSE)
with forgetting property is very effective for parameter es-
timation of slow time-varying systems. Considering that the
constant forgetting factor may induce unbounded gain (i.e.,
omax (I'(#)) — 00) when the continuous excitation of the sys-
tem is not satisfied, it is necessary to add constraints to the
RLSE algorithm. Hence, a bounded-gain-forget estimation
algorithm with exponential convergence is introduced

(32)

N [ L

I= 1+ ver {w}wf} (33)
0, else

= 447, (34)

1+ ver(y T Ty

where u is a forgetting factor and p,, represents the preset
upper bound of I'(#), respectively. v is the normalization co-
efficient and tr(e) is the trace operation.

Lemma 2 (see [23]): Selecting rate-limited projection
adaptation rate (16) and estimator (33), (34), the following
properties result:

P4.T(t) =< pml;

P5. 9 € L]0, 00);

P6. 9, €, € £5[0,00) N Loo[0, 00).

Theorem 2: If d;, = 0 with V¢ > 19 and matrix v/, satisfies
persistent excitation, i.e., there exists a constant A for any
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T > 0, such as

+T
f Vivy =M (35)
t
in addition to deducing Theorem 1, the control law (21) can
ensure asymptotic convergence of parameter estimation and
achieve zero-error tracking of the system.
Proof: Noting (32), (35), and (P6), one has

- +T B t+T
ﬁT/ 1P]?(U)lﬁf(v)dvl‘/‘ =/ e;(v)ep(v)dv
t t

> Al9)1? = Oast — oo.
(36)

Obviously, & converges asymptotically to 0, i.e., # — 0 when
t — oo. Additionally, a new energy function is redefined as

. [
V=V odpe dp. 37)

Differentiating V'’ and substituting (30), the simplified re-
sult is

V' < —"0z+e" (Usz —dpi + d;) + cf;*ga_lcfp*

IA

—Qz+e" (—a?,,* +dps + d;ﬁ) +dl o dp

—"Qz+ &" (—dpe — ®gV) +d] 0" dp
=—7'0z— el ®,0 + dZ* ((p_lcfp* — 8)

< Q- " o,P (38)
&, is bounded from Theorem 1 and ¥ € £, which guarantees
that @, € £,. Consequently, ¢ € £, and z € £, can be eas-
ily obtained from (38). Using Babarlat’s theorem, asymptotic
tracking of the system is proved, i.e., ¢ — 0 whenr — ooc.

Remark 1: The principle of composite adaptive control is
to combine the adaptive law based on error tracking ¢ and
the parameter estimation law based on prediction error €, and
design (25) and (34) separately. Fast convergence of control
system parameters and small tracking error can be achieved
even in the presence of parameter uncertainties.

IV. IDENTIFICATION EXPERIMENT

This section describes the frequency domain identification
experiment carried out to verify the high-frequency flexible
modes existing in the dynamic model of the dual-drive gantry
system. The relationship between center of mass position and
load position change can be obtained from the dynamic re-
sponse in the frequency domain. A gantry stage from Arkbis
Company has been used in the experiment. The nominal mass
values of the mechanical beam and the moving head are 25
Kg and 11 Kg, respectively. The maximum thrust generated
by the Y-axis linear motor is 2830 N, the maximum peak
current it can withstand is 18 Arms, and the force constant
is Kp=157.2 N/Arms.
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Considering that the excitation signal should contain
as many different frequency components as possible, to
avoid repeating experiments a superposition sinusoidal
signal is used as input. The sequence generated by
[sinesum,frequs |=idinput([10000,1,5], ‘sine, [0,1], [-1,1],
[4999,50,1]) in MATLAB is used to drive the two Y axes.
When the moving head is in the center position, the output
frequency domain response results (U; — y) are processed
using the system identification and curve fitting methods, as
shown in Figs. 3 and 4. Identification results can be expressed
in the form of the following piecewise transfer function cas-
cade:

P'(s) = Gi(s) - Ga(s) - G3(s) - Ga(s) (39)

where Gi(s) and G3(s) correspond to the fully rigid model
and the mainly flexible damping model in (7), respectively.
G, (s) is the flexible component at low frequencies and G4(s)
represents the unmodeled dynamics and uncertainties of the
system at higher frequencies.

VOLUME 4, 2023

The corresponding transfer functions identified from Figs. 3
and 4 are, respectively

1

=521 2978
. 1.12 (s 4 7.004s + 1.137e4)
s2 4+ 8.07s + 1.273e4
Gats)— 3.156 (s* 4 30.68s + 3.26e4)
52 +35.335 4 1.029¢5
Gats)— 1.045 (5% + 43.855 + 7.98¢5) (s> — 22555 + 2.18¢6)
(s2 + 34.195 + 1.015¢6) (s° + 1930s + 1.572¢6)
5 si + 16.555 4 1.439¢6 40)
52 4+ 17.265 + 1.595¢6
1.02
)= 0245 1 2978
Gats) 1.074 (s> + 8.827s + 1.199¢4)
52 +9.208s + 1.288e4
Gats)— —1.044 (s + 1.45 — 9.847¢4)
52 4+ 35.135 + 1.028e5
—2.39 (s2—7.3125+1.032¢5) (s* — 786.25+1.505¢6)
Ga(s)=

(s> — 7.903s + 1.036€5) (s* + 36.95 + 1.014¢6)

(7 + 1.5425 + 1.439¢6) (s — 729.6)

X . (41)
(s2 + 21.84s + 1.599¢6) (s + 2125)

As expected, experimental results show the existence of
high-frequency flexible features. It can be seen from the fig-
ure that high-frequency flexible dynamics are excited when
frequency exceeds 100rad/s. The identified inertia mass pa-
rameter M; = 0.24, which is similar to the result obtained by
time-domain least squares identification (mentioned below),
also indicates the validity of the experimental results. In ad-
dition, the identification results show that the resonant and
antiresonant frequencies of the system are w, = 320.78 rad/s
and w,r = 180.55 rad/s, respectively, which can be verified by
comparison of experimental curves.

In order to obtain the relationship between the centroid of
the beam and the X-axis displacement, the centroid offset in
the generalized coordinate system is defined as

(42)

where M, is the mass of the moving head and load, x and
xo are the position information feedback from the grating
encoder and the initial deviation between the centroid of the
working head and the measurement, respectively.

Introducing the centroid coefficient, one has

Bx) = Sma(x) % — xg(x) M= X

= = - 43
S R mrx
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TABLE 1. Frequency Domain Identification Results
Index = —0.2m z=0 z =0.2m
=1 2.857 3.156 3.482
=P -1.318 —-1.044 -0.886

VoltageT l Position

1IPC Servo drivers

FIGURE 5. Experimental dual-drive gantry system stage.

where n; = 2%[ Sm —xo and np = 2M 7S + Xxo are constant
values, which can be approximated by the experimental re-
sults of several groups of identification when the payload is at
different positions.

Noting the transfer function form of the high-frequency
components in (7), it yields

1- 8,
B== (44)
2 —1
where E; =1+ M—kSJ“‘S'”I and B, =1 — M—"S“S”’Z

Three groups of frequency domaln 1dent1ﬁcat10n results of
the moving head at different positions are listed on Table 1.

From the identified characteristic data and (43), n; =
1.627 and ny = 1.678 can be easily obtained. Consequently,
Bx) = { 2% +", which is used as thrust allocation calculation

module in the following section.

V. COMPARATIVE EXPERIMENTS

A. EXPERIMENT SETUP

Comparative experiments have been carried out in the dual-
drive gantry system shown in Fig. 5. The industrial pro-
grammable computer is used to run different control algo-
rithms. It sends motion commands to the servo drive system
through the EntherCAT protocol. The control voltage/current
generated by the servo driver is used to drive the axis move-
ment of the gantry stage. The position signal generated by the
motion is detected by an optical encoder and then fed back to
form a closed-loop motion system. The detection accuracy of
the encoder is 50 nm and the span of the beamis S, = 1.185 m,
S¢=1.095m, and S;, = 0.975 m.
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FIGURE 6. Expected trajectories for comparison experiments.

B. PARAMETER SETTING
The least square method is used for off-line parameter identi-
fication. Nominal system parameter values are K, = 1.02 and
#(0) = [0.2,0.02,0.01, 0.05, 1.9, 1.74,0.03,0,0,0].  The
upper and lower bounds of parameter estimation are reason-
ably set as ¥min = [0.18, 0.01, 0.01, —0.1, 1, 1, 0.01, —0.01,
—0.04, —0.01] and ¥max =[0.28, 0.03, 0.22, 0.1, 2.6, 3, 0.05,
0.01, 0.04, 0.01].

The thrust distributions achieved by combining (8) and (43)
system Y axes are calculated as

_ SuB@)vr — (1 + Bx)va
B Sm(1+ B(x))

_ Smui + (I + (X))

T KnSn(1+B()

As shown in Fig. 6, the expected Y-axis trajectories are
selected as trigonometric (Case I) and point-to-point (P2P,
Case II) motion modes for the experiments to verify the ef-
fectiveness of the proposed synchronous control scheme. It
should be noted that the input signal xd is only used for the
expected trajectory of the load motion in the experiment, and
has no special effect.

The following three groups of control algorithms have been
tested in the comparative experiments.

C1: The composite adaptive control algorithm proposed in
this article. Nonlinear Coulomb friction is simplified
as % arctan(500p) and sliding-mode gain matrix
is chosen as ¢ = diag[70,50]. The simplified
robust feedback term vy = —Kse — K,e — K, ||¢||°¢
(including K;; and Ky in Kj), with control gain
matrices Ky = diag[7, 2], K. = diag[200, 200], and
K, = diag[300, 300]. The initial value of the learning
rate for parameter estimation is designed to be I'(0) =
diag([100, 100, 100, 100, 100, 100, 100, 100, 100, 100],
and its preset upper bound p, = 5000. The
forgetting factor and standardization coefficient of
the correlation coefficient are £ = 0.02 and v = 0.1,
respectively. The adaptive rate of the design error

(45)
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FIGURE 7. Trace of the trigonometric function curve.

tracking is ¢ = diag[60, 15], and its upper bound is
chosen as dpemax = [0.1, 0.1]7.

C2: Neural network based ARC (NNARC) algorithm: The
neural network part selects the Gaussian function,
and its center value and width are designed as ¢,; =
[-0.21, —0.14, —0.07, 0, 0.07,0.14,0.21]57  and
b; =110, 10, 10, 10, 10, 10, 10]. The learning rate
matrix and robust gain coefficient are selected as
o = diag[5,5,5,5,5,5,5] and « =0.05. The
adaptive rate in the ARC part is I' = diag[10, O,
200, 30, 0, 0, 80, 50, 50, 50]. The other parameters
are the same as in CI.

C3: Direct/indirect adaptive robust control (DCARC) al-
gorithm: The corresponding robust parameters and
adaptive law gain matrix are consistent with C1 and
C2 to ensure the fairness of the experiment.

Setl: Thrust distribution based on the position relation-

ship of the centroid. Combined with the experimental

results of frequency domain identification, the cen-
troid coefficient S(x) = }:g%;ﬁ is applied to the final
thrust distribution.

Calculation of thrust distribution regardless of cen-

troid factor. Centroid factor set to constant S(x)=1

even with load motion.

Evaluation indexes L[e]y = ( fOT | o |2dt> /T and

L[e]oo = max(| e |) [25] are used to evaluate the performance
and effectiveness of the different controllers.

Set2:

C. ANALYSIS OF THE RESULTS

Case I: Fig. 7 shows the motion trajectory of the beam
tracking trigonometric function curve under different settings.
The proposed control algorithm C1 achieves better tracking
accuracy than NNARC and DCARC. With C2 and C3, bet-
ter results are obtained for Setl than for Set2. The tracking
error and rotation angle curves of the gantry system dur-
ing movement are depicted in Figs. 8 and 9, respectively,
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FIGURE 8. Tracking error in Case I.

%10 Rotation Angle(rad)
. T T T

5 i i i i i i i i i
10 12 14 16 18 20 22 24 26 28 30

Time(s)

FIGURE 9. Rotation angle in Case I.

TABLE 2. Performance Index in Case |

Index Lle]2 Lle]so Loz L[a]oo

units pm prad
C1(Setl) 20.961 54.520 6.194 15.450
C2(Setl) 32.932 76.524 6.731 19.322
C3(Setl) 24.349 61.377 9.047 31.151
C1(Set2) 21.321 57.735 8.528 24.634
C2(Set2) 33.415 80.297 8.051 23.264
C3(Set2) 26.432 69.293 9.718 35.147

and its performance index results are listed on Table 2.
Tracking errors of C1 are the best, only 20.961 um and
54.520 pm. Tracking accuracy for Set2 is lower than that
for Setl. Root mean square and maximum error values of
C2 reach 33.415 pum and 80.297 um. It is noted that load
motion has a large impact on the accuracy of the two-axis
synchronization, and that the blue curve fluctuates smoothly
in different experiments. Therefore, for the synchronous con-
trol of high-precision equipment, the influence caused by the
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FIGURE 11. Tracking error in Case II.

load movement cannot be simply regarded as interference and
ignored. Results on Table 2 again verify the importance and
usefulness of the relationship between beam centroid and load
motion presented in this article.

Case II: The real-time trajectory results of the beam track-
ing the P2P expected curve are presented in Fig. 10. Tracking
performance analyses are the same as for Case I. Figs. 11
and 12 show the different error curves obtained. Tracking
and synchronization performance are consistent with expec-
tations. Combined with the experimental data on Table 3,
the proposed control method achieves both good tracking
and synchronization control accuracy, and its performance is
improved by 34.5% and 29.7%, respectively, compared with
the unbearable experimental results. C2 achieves a good syn-
chronization control accuracy despite ignoring the influence
of load motion, and the synchronization performance index
of CI1 increases from 14.092 um to 16.041 pum under the
same setting. The root cause is that the neural network com-
pensator has a certain inhibitory effect on the influence of
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FIGURE 12. Rotation angle in Case II.

TABLE 3. Performance Index in Case Il

Index Lle]2 Lle]so Loz L[a]oo

units pm prad
CI(Setl) 75.173 342.96 14.092 34.042
C2(Setl) 114.79 493.70 14.822 31.687
C3(Setl) 75.382 333.29 18.924 42.663
CI(Set2) 84.480 394.40 16.041 44.378
C2(Set2) 113.95 502.35 14.969 44.926
C3(Set2) 74.509 334.85 20.048 44.839

Parameter
T

0 5 10 15 20 25 30 35 40 45 50
Time(s)

FIGURE 13. Parameter estimation convergence.

the load movement, but its poor tracking accuracy makes the
control scheme have great limitations in practical applications.
Comprehensive performance index data analysis shows that
the synchronous control scheme proposed in this article has
excellent control and performance characteristics.

Fig. 13 shows the change process of the main kinetic
parameters. It can be seen that at time = 50 s parameter
values have been stabilized. The estimated value of | reaches
around 0.24, which is consistent with the previous frequency
domain identification results. The same applies to the other
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four parameters. The parameters quickly converge to near the
true value, which verifies the effectiveness of the designed
parameter estimation algorithm.

VI. CONCLUSION

In this article, a synchronous controller is proposed for dual-
drive gantry stages with load movement to improve their
tracking and synchronization accuracy. Based on the char-
acteristic analysis of mechanically flexible components, a
rigid-flexible coupling dynamic model is obtained, which fa-
cilitates active control in the rotational dimension to adjust
the internal force between shafts. A composite adaptive con-
trol algorithm is designed to separate the parameter estimator
from the robust control law, which ensures the stability of
the system in the presence of parameter uncertainties and
unknown disturbances. Furthermore, model parameters are
obtained by frequency domain identification to construct the
bridge between load motion and the centroid of the beam. The
precise control input calculation is distributed to both Y axes
to ensure good tracking and synchronization performance of
the system. Compared with the existing literature nonlinear
control methods (such as NNARC, DCARC, ARC, direct ro-
bust control (DRC), and PID), the experimental results show
the effectiveness and advantages of the proposed synchronous
control strategy.
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