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ABSTRACT To improve the position accuracy of the X-Y linear motor motion platform, this paper derives a
contour error analysis model (CEAM) and proposes an active cross pre-compensation decoupling controller
(ACPDC). Three major factors affect the tracking performance of the X-Y motion platform are obtained
from the derived CEAM: uniaxial-axis subsystem performance, dynamic compatibility between multiple
axes, and disturbances. CEAM also shows that better contour control can be achieved by combining the
unified modeling idea. Therefore, the ACPDC proposed in this paper integrates the inter-axis controller and
single-axis subsystem by establishing a unified control law that combines active pre-compensation control
with linear active disturbance rejection control. The theoretical analysis based on CEAM shows that ACPDC
achieves improvements in the above three aspects. Finally, experimental results on an X-Y linear motor
platform support the CEAM analysis that ACPDC has better contouring performance than other multi-axis
controllers. Compared with these controllers, ACPDC has the best system robustness and uniaxial tracking
performance.

INDEX TERMS Contour error, contour error analysis model, X-Y linear motor platform, active cross
pre-compensation decoupling controller.

I. INTRODUCTION

With the continuous improvement of precision product qual-
ity, the precision requirements for X-Y linear motor motion
platforms also increase [1]. As a multi-axis motor system,
how to coordinate contour motion of multiple axes is one of
the important studies. Contour error is an important index to
evaluate contour performances in motion control [2], which
is defined as the shortest distance between the actual motion
position and contour reference. Conventional PID controllers
do not perform well in load-disturbing coupled system [3].
To effectively decrease contour error, researchers have pro-
posed many control strategies. And this paper briefly divides
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them into the indirect method and direct method according to
differences in controlled objects.

The indirect method is to optimize the uniaxial controller
to reduce uniaxial tracking error as a way to indirectly pro-
mote the contour tracking accuracy, such as feedforward
control. Friction compensation control [4] and zero-phase
error tracking control [5] are commonly used indirect meth-
ods, which respectively eliminate uniaxial tracking error
caused by friction disturbance and system delay. Beside
PID controller, advanced strategies, e.g., model-free con-
trol [6] and predictive control [7], can also achieve better
tracking performances. The disturbance observer [8] added
to the feedback-loop reduces the influences of uncertainty
factors, which also improves uniaxial performances. How-
ever, the indirect method is limited by the performances
of the controller and does not take into account dynamic
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incompatibility between multiple axes, so the direct method is
proposed.

The direct method refers to inter-axis control strategies,
which directly works on contour motion. It is the main solu-
tion to coordinate dynamic compatibility between multiple
axes and reduce contour error, such as cross-coupling con-
trol (CCC) [9]. Nevertheless, CCC obtains contour error by
complex approximate calculations, which have an impact
on the contour accuracy. Therefore, CCC requires a better
compensation controller to make up for contour error. On the
one hand, advanced strategies have introduced into the com-
pensation controllers, including robust control [10], iterative
learning control [11], and neural network [12], to replace
the conventional PID compensation controller. On the other
hand, a lot of achievements have been made in the research
of gain structure. Variable-gain control [13] and model pre-
dictive control [14] are adopted instead of the conventional
fixed gain structure to obtain high-precision contour control
for tracking different curves. Moreover, the feedback pre-
compensation structure [15] is incorporated in CCC to enable
the fast synchronization of multiple axes and thus promote
the contour tracking precision. Although high-performance
contour control can be achieved through various aspects
(e.g., uniaxial subsystem performances, dynamic compati-
bility between multiple axes [16], and disturbances [17]),
more attention has focused on facilitating partial controllers.
In other words, these controllers can improve system perfor-
mances, but do not take into account the intrinsic relations
between these factors and contour error, such as the coupling
among different factors. This leads to a complex contour
structure and one-dimensional research. The main reason for
this is that few studies have explored the essence of contour
error. Therefore, it is necessary to derive a multi-dimensional
unified analysis model, which can analyze the essence of
contour error. Also, it can help researchers design and verify
controllers from an overall perspective to make improve-
ments with simple structures.

To solve the problems in the indirect and direct methods
described above, this paper deduces a contour error analysis
model (CEAM) for an X-Y motion platform with an inter-
axis controller. Specifically, it can be qualitatively proved
from CEAM that contour error is generated by three critical
factors: uniaxial subsystem performances, dynamic compat-
ibility between multiple axes, and disturbances. Meanwhile,
CEAM provides a quantitative analysis of contour error sen-
sitivity and predicts contour performances with the actual
parameters. Then, based on the conclusion of CEAM and the
idea of unified modeling [18], the uniaxial subsystem and
the inter-axis controller as a whole, this paper designs the
active cross pre-compensated decoupling control (ACPDC)
strategy. This paper first proposes active pre-compensation
control (APC) to enhance the coupling level between the
biaxial systems and designs the second-order linear active
disturbance rejection controller (LADRC) to suppress dis-
turbances. Then, by establishing a unified control law to
combine APC and LADRC, ACPDC with a double closed-
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FIGURE 1. The X-Y linear motion system based on CCC. where C; and C,
represent the contour error estimation coefficients of X-axis and Y-axis, ¢
is the contour error, C; is the cross-coupling compensation gain
coefficient, Cc is the contour compensation gain coefficient, ky; is the
proportional coefficient of position-loop, y;, y; represents the reference
signal and output signal respectively, e; is the uniaxial tracking error, D;
denotes the total disturbance signal, G,;(s) is the proportional-integral
controller of velocity-loop, P; (s) represents the velocity-loop controlled
object. i = x, y, denoting X-axis and Y-axis respectively.

loop contour compensation structure is built. Theoretically,
CEAM demonstrates the system performances improvement
of ACPDC in all three aspects. Experiments show the contour
performances are consistent with the CEAM analysis. Com-
pared with other conventional strategies [9], ACPDC not only
directly decreases contour error but also promotes robustness
and uniaxial subsystem performances to indirectly increase
contour performances.

Il. CONTROUR ERROR ANALYSIS MODEL
A. CROSS-COUPLING CONTROL
The inter-axis controller is a conventional strategy used in
contour motion studies to adjust dynamic compatibility and
improve contour accuracy. Fig. 1 shows the structure of an
X-Y linear motion system based on CCC.

Gvi(s) can be expressed as

koki
wm=w+% (1

where k),; is the proportionality coefficient of the velocity-
loop, ki is the integration coefficient of the velocity-loop.

The current-loop can be regarded as a unit transfer func-
tion, so P; can be represented as

Pi(s) = @

Mis + B;

where B; is the viscous friction coefficient, M; is the total
mass of the mover and load.
The uniaxial position tracking error is

ei =y — Vi 3)
The contour error estimation formula [8] is

&= —Ciey + C2ey 4
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The error gain of linear trajectories can be obtained by the
Taylor first-order expansion [19]

{ C| = sind )

Cy = cos6

where 6 is the angle between the tangent line at the reference
position and the X-axis.
The CCC compensations for uniaxial subsystems are

ey = C,Cee
ey = GCee

(6)

where ¢, and ¢y, are the compensation from CCC to the X-axis
and Y-axis respectively.

B. CONTOUR ERROR ANALYSIS MODEL
Although the relation between contour error and uniaxial
tracking error can be seen in (4), the coupling relation of
other factors cannot be explored in detail. Therefore, CEAM
is built to deal with this problem from both qualitative and
quantitative perspectives in this section. The CEAM model-
ing process can be divided into four steps as follows:

Step 1: The reference signal independently exerts

Take the X-axis as an example, a transfer function for the
position-loop controlled object H, is

Gyx (5) Py (5) l _ Gy (8) Px (9)
1+ Gy () Py (s) s §+ Gy (5) Py (5) s
The relation between y} and yy is

[(VF = yx) kpx — €1CCy ] H (5) = yx ®)

Step 2: The disturbances signal independently exerts
Under the action of Dy, yy is

[(_Elcccx — Ykpx — Vx) Gyx (s) + Dx] Py (s) = syx (9)

Step 3: Calculate the uniaxial tracking error
Adding (8) to (9), under combined action of y,, and Dy, y,
is

Hy (s) = )

_ kprx () y; — C,C:H, (5) 1
1+ Hy (5) kpx
CxCeGyy () Py (s) 61 — Dy Py (5)

Yx

- (10)
s+ Gy (5) kpxPx + 5Gyx (5) Py (5)
Then, the X-axis tracking error ey is
er =V —yy = ¥y + CxCcHy (s) €1
R 1+ Hy (5) kpx
CxCeGyx () Py (s) 61 — Dy Py (5) (11)

8+ Gyx (8) kpx Py (5) + Gy (5) Py (5)
Similarly, the Y-axis tracking error e, can be obtained by
the above three steps,
y;;k - CyCcHy () &1
1+ Hy (s) kpy
_ GCGyy () Py(s) 1+ DyPy (s)
5+ Gyy (5) kpyPy (5) + 5Gyy (5) Py ()

— ¥ _ j—
ey =Yy — Yy =

(12)
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FIGURE 2. The indirect method characteristic curve.

where
Gy (5) Py (s)

Hy (s) = Gy () Py(s) 1
Y s+ Gyy () Py (5) s

T 14 Gy ()P (s)s
Step 4: CEAM modeling

Substituting (11) and (12) into (4), then CEAM for the
biaxial coupled system (CEAM-CCC) is

(13)

o = yibie yyaifi
airby + 2bjcy + 2a1d; airby + 2bjcy + 2a;1d;
_ g1bi _ hiai
arb1 +2bic1 +2a1dy arby + 2bicy + 2a1dy
= —&x- M2+ &-M2 + Exd-M2 — Eya—M2 (14)

ar=s+ va(s)kpxpx(s) + 5Gyx (5)Px(5)
b1 = 5+ Gyy()kpy Py (s) + sGyy(8)Py(s)
c1 = CcCrC1Gyx(s)Px(s)

dy = CcCyCZGvy(S)Py(S)

el = (1 + Gy (s)Px(s)) sC)

= (l + Gvy(s)Py(S)) sCo

81 = DyPy(5)Cy

h1 = DyPy(5)C

15)

where e,_p2, €y—m2, Exd—m2, and &yg_p are the X-axis
tracking error, Y-axis tracking error, X-axis disturbances, and
Y-axis disturbances in contour error under the conventional
direct method, respectively.

Except for CCC, the structure of the biaxial uncoupled
system is the same as Fig. 1. It implies that CEAM for
the biaxial uncoupled system (CEAM-PID) is a special case
of (14), where Cy = C, =0and C. = C; = G =11is
satisfied. CEAM-PID can be rewritten as

*er  Yifi h
Yxel + il + g_l + 21
aiy by a b
= —&x—MI + &-MI + Exd—M1 — &ya-Mm1  (16)

According to CEAM-CCC and CEAM-PID, it can be
proved that contour error is generated by three factors:

(1) Uniaxial subsystem performances: ai, b1, e1, and f are
composed of uniaxial controller parameters.

As shown in Fig. 2, the larger k,,, the better the contour
performances. When the uniaxial controllers’ gain reaches
infinite, zero-error contour tracking is achieved, i.e., &g =
0. In the mean-time, &xg—p1 and &yq—p1 are also equal to

o =
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FIGURE 3. The direct method characteristic curve. (a) Relation between
contour error and CCC, (b) The disadvantage of the direct method.

zero, which implies that the effects of disturbances on contour
motion is reduced.

(2) Biaxial dynamic compatibility: c1, dy, e, f1, g1, and hj
all include inter-axis controller parameters.

When biaxial systems are identical, i.e., a; = by, c1 = dj,
e1 = f1, and g1 = hj, they have the same dynamic character-
istics. This means that ex_p2 = &y_um2, Exd—M2 = Eyd—M2,
and the contour error is zero, but it is difficult to satisfy
this situation. So based on CEAM to compare performances
of the uncoupled system and coupled system. If they have
same uniaxial controllers and parameters, the coupled system
will have better contour performances. Above phenomenon
is further proved in Fig. 3(a), where the uncoupled system
(Cx = C, = 0) has a large contour error than the coupled
system (Cy # 0, Cy # 0). Thus, the inter-axial controller
becomes a new strategy to reduce contour error without
increasing the controllers’ gains. Nevertheless, the controllers
of multiple axes are coupled to each other in (14). As shown in
Fig. 3(b), while increasing the X-axis parameters will reduce
&x—M2, it also causes &,y to increase. This is not conducive
to adjusting dynamic incompatibility and reducing contour
error.

(3) Disturbances: both gi and h; include disturbance
parameters.

According to CEAM-CCC, the disturbance components
are hidden in ex and ey, and they will be next fed into
the contour error estimation model ¢;. Then, ¢, and &, are
compensated to the other axes by CCC, which will produce
additional error.
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There are some differences between CEAM proposed in
this paper and [19]. Particularly speaking, except for the qual-
itative explore, CEAM also focuses on quantitative analysis.
On the one hand, CEAM discusses the action mechanism and
coupling of contour error factors. On the other hand, CEAM is
used to study controllers’ defects before design and to verify
its improvements. Thus, CEAM can summarize the contour
performances as follows:

Conclusion I: By optimizing the uniaxial controllers, the
uniaxial error and disturbance error can be reduced to pro-
mote the contour accuracy indirectly.

Conclusion 2: The uniaxial error and contour error are
formed into a coupling relation. It means that optimal control
for the multi-axis system cannot be achieved by improving
one of them.

Conclusion 3: Disturbances should be suppressed in the
generated axes, otherwise they will negatively affect the
inter-axis controller and other axes.

In conclusion, if a unified controller is designed by inte-
grating the indirect and direct methods, optimized contour
performances can be obtained.

Ill. ACTIVE CROSS PRE-COMPENSATION DECOUPLING
CONTROLLER

A. CONTROLLER DESIGN

1) ACTIVE PRE-COMPENSATION CONTROLLER

Because of the limited gain range of the uniaxial controller
noted in conclusion 1, an inter-axis controller was designed to
further improve tracking performance. With a high-precision
contour error estimation model, controllers can get more
accurate information. And the advanced compensation con-
troller is adopted to promote the convergence speed and
steady-state precision of contour tracking. However, these
strategies easily lead to complex inter-axis controllers and
neglect disturbances.

As described in conclusion 2, the contour performances
are improved when the coupling level is further enhanced.
And the compensation mode of CCC is an active adjusting
speed control for motors. In other words, it improves the
tracking performance by actively accelerating the change of
motor speed. Therefore, APC is proposed by combining the
coupling characteristic with the active variable speed charac-
teristic. Compared with (14), APC makes minor adjustments
to coupling terms ¢ and d; in CEAM-CCC

2 = C1C:Gyx (8)Px(s) (X + Cy)

17
dy = C2CGyy(5)Py(s) (Xy + Cy) an

where X, and X, are the active correction coefficient of the
X-axis and Y-axis respectively.
So CEAM for APC (CEAM-APC) is

_ yiCibie yyCaarfi
&2 = _albl +2bicy +2a1dy  ayby +2bjcy + 2a1ds
+ g1by _ hia
arby +2bicy +2a1dy;  arby +2bicy + 2a1d
= —&- A+ E-A T Exd—A — Eyd—A (18)
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FIGURE 4. The X-Y linear motion system based on APC.

When both X, and X,, are greater than 0 in (17), &> is smaller
than g1 in (18) and (14). Also, comparing disturbances com-
ponents in CEAM-CCC and CEAM-APC, the dual-channel
structure provides better suppression for disturbances.

In addition to the above optimization aspects, it is nec-
essary to further discuss the location of the active pre-
compensation channel and analyze its effect on a uniaxial
subsystem. The structure of a biaxial system based on APC
is shown in Fig. 4.

The active pre-compensation coefficients m, and m, of X-
axis and Y-axis are

X, = mykpy (19)
Xy = mykpy

For a uniaxial subsystem, the position-loop is the outer-
most loop of a three-loop cascade structure. Also, it provides
reference signals for the inner loops, e.g., the velocity-loop
and current-loop. Therefore, as described in Fig.4, the active
pre-compensation channel placed in the position-loop can
contribute to the uniaxial subsystem robustness and position
performances than other loops.

2) LINEAR ACTIVE DISTURBANCE REJECTION CONTROLLER
Compared to a permanent magnet synchronous motor,
PMLSM eliminates intermediate transmission links. The
thrusts and disturbances are directly exerted on PMLSM
without any buffer, which will cause a decline of the uniaxial
performances. When the controlled objects are converted into
multiple axes, these disturbances are amplified to decrease
motor performances. Nevertheless, reducing the effects of
disturbances is not suitable for model-based method because
disturbances are strongly random, such as friction resistance
and load variation. Therefore, LADRC is introduced into
motion systems to separate and compensate for disturbances
in this research, which is a model-free method.
PMLSM electromagnetic thrust equation is

3mn, .
T Ymlg (20

where F, is the electromagnetic thrust, n, is the number of
polar-pairs, T denotes the distance between poles, ¥, is the
permanent magnet flux linkage, i, is the g-axis current.

Fem =

118594

PMLSM motion equation is
Mv =F,, —F — By (21)

where v is the mover running speed, Fj is the load torque.
By combining (20) and (21), the mover position p and v are
changed to state variables as

{’.’ - (22)
V=bri;+ar(t)
where by, = Qrnpyr)/(2tM), ap(t) = (—F; — f)IM — krv,
kp = B/IM, f is the unmolded disturbances.

State variables z; and z, are defined as the estimated values
of p and v, and the extended state variable zz = ay(¢). Then
a LESO is created as

21 =2 —P1(z1 —p)
22 =23—P2(z1 —p)+bLu (23)
23 =—B3(z1 — p)

The observer estimation errors e.1, ¢, and e.3 are defined
as

€l =21 —Pp
e =270—V 24)
ec3 =73 —ap(t)

The system state variables errors é.1, €2, and e 3 are

écl = _ﬁlecl + e
e = —Prect +e3 (25)
e;3 = —Paect — kpess +ar

Extract the characteristic equation of (25) is
M) =27+ (kL + BN+ (ke B1 + Ak fr 4B (26)

According to the Lyapunov stability law, if the observer
error convergence is guaranteed, all eigenvalues should be on
the left half of coordinate axis. In the meantime, according
to the bandwidth-based parameters tuning idea [21], the ideal
characteristic polynomial of (25) is

As) = (0 + ) 27)
Combining (26) and (27), it can get

ﬁl = 3w, — kg,

B2 = 3w, — kL1 (28)

By = w} — kLB

where w,, is the observer bandwidth.

The estimation of real-time state variables and total dis-
turbances can be achieved by selecting appropriate observer
gains based on (28). The linear feedback control law is

Uy — 2 K, (P*—71)— Ky —z2
M= pL( D—Kizo— 273 (29)
by, by,
where K,; and Ky are the proportional gain of z; and zp,
K,y = wg, Kir = 2w:€. wc is the system bandwidth, &
denotes the system damping ratio.

VOLUME 10, 2022
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FIGURE 5. The X-Y linear motion system based on ACPDC.

The system variables shown in (22) can be rewritten as

=y
vV=u (30)
y=p

In (22) and (30), when the observation error is close to zero,
LESO can achieve the separation of the disturbance signals
from feedback signals. Then disturbances will be compen-
sated by LADRC.

3) ACTIVE CROSS PRE-COMPENSATION DECOUPLING
CONTROLLER

Although LADRC improves the uniaxial subsystem robust-
ness, there is an additional problem when APC and LADRC
are applied together. Specifically, if compensations generated
by APC is directly added to a uniaxial subsystem, it will be
estimated and compensated by LADRC as a total disturbance,
resulting in compensation failure or even control mismatch.
To deal with the above problems, APC and LADRC will
be combined to design ACPDC through the unified control
law. According to (4), the control law (29) will be converted
to (31) as

Y KoL " — 21 +miCee) — Kgr20 + CiCee — 23

bL 3D

The estimated contour error is fed into each axis and used
to modify the reference signal. Then take the coupling control
value as a pre-compensation for the path instruction. In the
meantime, to improve dynamic compatibility between mul-
tiple axes, the feedforward signals obtained by multiplying
the couple control values with specific gains are input to the
uniaxial subsystem. Fig. 5 presents the structure of a biaxial
system using ACPDC under ideal conditions.

The uniaxial system stability can be ensured by selecting
appropriate parameters according to (28) and (29) so that
all poles are on the left half of coordinate axis. Because the
coupling compensation has an impact on the system stability
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(e.g., X-axis), substituting (31) into (22) obtains (32).

DPx = Vx
Vx = Kprx O — 21x + mxCee) — Karxzox (32)
+ CyCee — z3x +apx()

When contour error is close to zero, (31) can be expressed
as

uy = Kppx(ex +myCee) — Kapxzox + CxCes (33)
Combine (5), (6), and (7), defining that

hiy = (KpLx - KpLxmxcl C. — G C1Co)

(34)
hoy = C2Cc'(Kplxmx +Cy)
Then (33) can be converted to
uy = hixex — Kgrxzo + h2xey (35)

In (29) and (35), hy, will lead to an enhancement of ey,
which corresponds to an increase in w, of the uniaxial con-
troller. At the same time, 0 < & < 1 is satisfied in the second-
order underdamped system, so w. > Ew,.. Thus, based on the
relation between poles and parameters, the system poles get
closer to the imaginary axis as w, increases. Therefore, i1 and
h> should be determined by the performance requirements of
motion system.

B. CEAM OF ACPDC

The multi-axis control structure based on ACPDC as shown
in Fig. 5. To further analysis the performances of ACPDC,
combine the four-step CEAM modelling method to build
CEAM for ACPDC (CEAM-ACPDC) is

_ y;b363 y>;“3f3
- azbs + 2bzcs + 2asds azbz + 2bzcz + 2azds
g3b3 B h3a3
azbs + 2bscs + 2azds azbz + 2bzc3 + 2azds
= —& M3+ &-M3 T+ Exd—M3 — Eyd—M3 (36)

az = s + Kpp: Px(5) + sKgp Px(s),
e3 = (1 + Ky Px(5)) sC

b3 = s + Kp1yPy(s) + sKaryPy(s),
f3 = (1 + KaryPy(s)) sC2

c3 = C1CcPx(s) (mepr + Cx) )
83 = (Dx — Z3x) Px(5)C)

d3 = C1CcPy(s) (mpryL + Cy) ,
hy = (Dy — Z3y) Py(s)C2

(37)

Firstly, the Routh criterion is used to analyze the stability
of the ACPDC-based biaxial system. Extracting the charac-
teristic equation from (36) is

F(s) = Lis* + Los® 4 L3s* + Las + Ls (38)
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TABLE 1. The rouse list.

st L Ls Ls
S3 L2 L4 0
5 Ls Ls

S1 L7 0

S0 L5

Li=MM,
Ly =(Kary + By) Mx + (Karx + Bo) M,
L3=BxKary + ByKgrx + M Kpry + MyKp1x
+ KarxKary + BBy + 2Mycicecx + 2Mycocecy
+ 2MyciccKppemy + 2MycoccKprymy
Ly =BprLy + BprLx + KdeKpLy
+ KdLprLx + 2Byclcccx + ZBxC2CcCy
+ 2ci1ccexKary + 2c2cccyKary + 2BycrceKppimy

(39)

+ 2By crccKprymy + 2c1¢cKary Kpromy
+ 2c2¢cKarxKprymy
Ls=Kp1xKpry + 2c1cccxKpry + 2c2¢ccyKppx

+ 2c1¢cKprx Kprymy + 2c2¢Kppx Kpryny
Organize (38) into the Rouse list, as shown in Table 1

Irl3 — LiL
L6=(23 1L4)

Ly
_ (LeLs = LoLs) “0)
= I
Since the ACPDC parameters are all real numbers and
greater than zero, coefficients in Table 1 satisfy

Ly

Li >0
L, >0
Lg >0
L7>0
Ls >0

(41)

According to the analysis in (41), the stability of the
ACPDC-based biaxial motion system can be determined.

Secondly, the system robustness is explored. If LESO
reaches the ideal observation state

23x = Dy, 3y = Dy 42)

When (42) is substituted into (36), both &y4—y3 and &yq—p3
are equal to zero. It means that the system disturbances are
eliminated to avoid the transmission of inter-axial distur-
bances and to reduce contour error.

However, since the actual control system is non-idealized,
it is necessary to consider a case where disturbance com-
ponents are not eliminated completely. The closed-loop
characteristic curves of the system response are drawn
based on CEAM-PID (14), CEAM-CCC (16), and CEAM-
ACPDC (36), respectively, as shown in Fig. 6.

In Fig. 6, while the attenuation on the &yy_p71 and gyg_p12
disturbance curves enhanced with frequency, it also results in
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FIGURE 6. The closed-loop characteristic curve of the disturbance

component.

TABLE 2. Parameters of PMLSMs.

Parameter X-axis Y-axis Unit
Mover mass 21 4 kg
Continuous force 144 22 N
Peak force 216 88 N
Stator resistance 19.2 12.5 Q
Inductance 6.47 5.19 mH
EMF constant 52 34.6 V/m/s
Rated current 1.6 1.65 A
Polar distance 0.036 0.015 m

phase shifts. On the contrary, the &y4p3 disturbance curve
shows a phase-frequency characteristic of Odeg in the low-
frequency band, especially with a smaller amplitude and
phase shift within 22Hz. It indicates that ACPDC tracks
and suppresses low-frequency disturbances better than other
conventional strategies. Meanwhile, ACPDC has a larger
bandwidth range and better dynamic performance against
disturbances.

Based on the above CEAM analysis, ACPDC is not only
a high-gain controller but also has better dynamic compat-
ibility between multiple axes than conventional strategies.
Also, disturbances have less impact on ACPDC. Theoreti-
cally, ACPDC improves the contour performances to reduce
contour error in both indirect and direct aspects.

IV. EXPERIMENTAL ANALYSIS

A. PREPARATION

The control object of this paper is X-Y linear motor motion
platform. To verify the feasibility of ACPDC, experiments
are conducted on an X-Y linear motor platform, as shown in
Fig. 7. Specifically, both axes include a 0.5um/pulse grating
ruler, a driver using TMS320F28335 as the control chip,
and are powered by 24V DC. The interrupt frequency is
set to 10 kHz, and drivers exchange data through a serial
bus. The position data is collected in real time by the eQEP
module and then connected to the monitor through CAN
bus. However, it is worth noting that it is more difficult
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FIGURE 7. Top view of experimental devices.

to coordinate dynamic compatibility between biaxial motors
when the biaxial motors parameters are not consistent. So,
these experiments use PMLSMs with different parameters are
shown in Table 2.

Case 0 (friction disturbance): The running of biaxial
motors is only affected by friction disturbances.

Case I (continuous disturbance): The X-axis motor is kept
constant with Case 0, and the Y-axis motor continuously pulls
a 500g weight in a fixed direction on one side.

Case 2 (sudden disturbance): The X-axis motor is kept
constant with Case 0, and two 500g weights are respectively
placed on each side of the Y-axis motor moving plane.

The following controllers are implemented for compari-
son:

M1 — PID (indirect method): Biaxial motors run inde-
pendently with a three-loop cascades P-PI-PI control. The
current-loop PI controller parameters are designed by the
Siemens optimal tuning method [22], the velocity-loop PI
controller parameters are selected based on the oscillation
index method [23], and the position-loop P controller param-
eter is selected according to the principle of £ = 1, KT =
0.25 [18].

M2-PID+CCC (direct method): Compared with M1, CCC
is introduced into the motion system between two-axes in M2.

M3-ACPDC (Combine indirect method and direct
method): The controller proposed in this paper.

Then system performances are evaluated from two aspects,
i.e., contour error indexes and uniaxial error indexes.

: / o2t 43)
Erms = e £
T

em = max {|e|} (44)

1
ems-i = | / it (45)
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TABLE 3. Contour indexes under Case 0 & Case 1 & Case 2.

Case 0 Case 1 Case 2
Em Erms Em Erms Em Erms
Mi(um)  18.0 745 200 950 245 1007
M2(pm) 11.5 5.11 14.0 6.51 16.0 7.06
M3(um) 8.0 1.79 9.0 1.62 75 197
em—i = max {e;[} (46)

where €,,s and e;s—; are the root mean square values of
contour error and uniaxial error, &,,,, and ey, x—; are the max-
imum ab-solute values of contour error and uniaxial error,
T denotes the total running time. i = x, y, denotes X-axis and
Y-axis respectively.

B. FOUR-LEAF CLOVER TRAJECTORY EXPERIMENT
Tracking experiments on large curvature clover trajectories
provide a better representation of the controllers’ contour
performance. The curve function is expressed as

(47)

x(t) = gsin(wt)sin(0.57¢)
y(t) = gsin(mwt)cos(0.5mt)

where g = 1.95 x 104 (um). The four-leaf clover trajectory
is shown in Fig. 8.

1) CONTOUR PERFORMANCES
Fig. 9 (a) — 9(d) present the motion performances of above
controllers tracking the four-leaf clover trajectory, which
is only affected by friction disturbance. In Fig. 9(a) and
Fig. 9(b), M2 curve basically coincides with M1 curve near
corners, while M3 is optimized so that its curve is closest to
the Ref curve. In addition, contour error of M2 and M3 in
Fig. 9(c) are smaller than that of M1, which proves the effec-
tiveness of the inter-axis controller. And compared with M1
in Table 3, M2 and M3 are decreased by 36.11% and 55.56%
in &, reduced by 31.41% and 75.97% in &, respectively.
From Fig. 9(e) —9(i), M3 curve always keeps the best track-
ing at corners, despite the Y-axis motor is affected by different
types of disturbances. It can be seen that M3 has the best
disturbance suppression. These phenomena are supported in
Fig. 9(g) and Fig. 9(k). As described in Fig. 9(g) and Fig. 9(k),
M3 curve is located at the bottom, followed by M2 curve
and M1 curve. As presented in Table 3, relative to M1, ¢,
of M2 are decreased by 30.00% and 34.69%, €5 of M2 are
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FIGURE 9. Track the four-leaf clover.

down 31.47% and 29.89%. As for g,, of M3, they reduced
by 55.00% and 69.39%, &,,s of M3 are down to 82.95%
and 80.43%. The reason for these improvements is that M3
reduces the influence of disturbances by promoting the sys-
tem robustness compared with M1 and M2. Meanwhile, the
dual-channel compensation structure of M3 can obtain more
accurate information for ACPDC and thus decrease contour
error. In addition, the code running time of M3 is about 31 us,
occupying 31% of interrupt resources, which is about 5%
larger than that of M2. Confirmed the possibility of ACPDC
implementation.

2) UNIAXIAL PERFORMANCES

To further verify the different influences of controllers on the
uniaxial performances, uniaxial error contour is constructed
from two-axis uniaxial error. The smaller the uniaxial error
contour is, the better the uniaxial performances are. Mean-
while, the disturbances transmission between biaxial systems
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can be judged based on the symmetry of uniaxial error con-
tours.

Fig. 9(d), 9(h) and 9(1) respectively depict the uniaxial
error contours for different conditions. With different con-
trollers, all three error contours are the four-leaf clover shape.
Specifically, M3 presents a standard four-leaf clover contour,
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while M1 curve and M2 curve are non-standard, i.e., short
on the X-axis and long on the Y-axis. Among them, both the
MI curve and M2 curve are overlap, but M3 curve is the
smallest of these contours. In particular, in Case 2(sudden
disturbance) of Fig. 9(1), the Y-axis error increases sharply
due to the sudden force on one side of Y-axis, and M3
still maintains a small error and tracking performance. This
phenomenon means that M3 has better uniaxial performances
and robustness to reduce the inter-axis trans-mission of dis-
turbances. A similar conclusion can be drawn from Fig. 10,
where M3 not only has the minimal uniaxial error but also has
the same performance indexes value for both axes. It further
proves that the M3 improvements are better than the other two
controllers.

V. CONCLUSION
For the motion control in the X-Y linear motor platform,
this paper deduced CEAM and designed ACPDC which had
improved the contour performance. The main contributions
were as followed:

(1) In this paper, the concept of CEAM was deduced
and the essence of contour error was discussed. On the
one hand, three key factors leading to contour errors can
be deduced from CEAM: uniaxial subsystem performance,
dynamic compatibility between multiple axes, and distur-
bances. On the other hand, since all controllers capable
of constructing transfer functions can use CEAM to ana-
lyze their performances, CEAM was universally applicable.
Therefore, it was helpful to subsequent scholars to further
analyze the essence of contour error.

(2) Based on the CEAM conclusions and the unified mod-
eling idea, ACPDC was designed by combining the advan-
tages of two aspects. ACPDC was improved the coupling
level of the dual-axis system as well as directly improved con-
tour performance. Meanwhile, it was promoted robustness of
the system and performance of the uniaxial subsystem, which
indirectly reduced contour error.

Through a series of comparison experiments, CEAM was
shown to effectively reflect the characteristics of contour
control and contour prediction error. Meanwhile, ACPDC
not only achieved higher accuracy contour tracking com-
pared with other control strategies, but also enhanced system
robustness and uniaxial subsystem performance, which was
beneficial to realize optimal contour control.
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