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Abstract: In this paper, we propose a nonlinear position control using only position feedback
to guarantee the tolerances for position tracking errors and yaw. In the proposed method,
both mechanical and electrical dynamics are considered. The proposed method consists of the
nonlinear position controller and nonlinear observer. The nonlinear position controller is designed by
a backstepping procedure using the barrier Lyapunov function to satisfy the constraints of position
error and yaw. The nonlinear observer is developed to estimate full state using only position
feedback. The stability of the closed-loop system is proven using Lyapunov and input-to-state
stabilities. Consequently, the proposed method satisfies the constraints of position error and yaw
using only position feedback for the planar motor.

Keywords: planar motor; position control; observer

1. Introduction

A planar motor is a dual-axis linear motion motor that plays a significant role not only in
semiconductor manufacturing systems and precision machine tools but also in automated assemblies.

A planar motor consists of four forcers that are symmetrically mounted on a puck, as shown
in Figure 1 [1]. The position sensors are mounted on the puck to measure the positions for X and Y
directions. Two position sensors are inserted in planar motor to calculate yaw angle using position
difference between two position sensors in X direction. Each forcer is a one-axis force generation
device. Forcers X; and X, generate force in the X direction whereas forcers Y7 and Y, generate force in
the Y direction. Yaw (0) is generated by asymmetries in the forcers and leads to loss of synchronization
between motor and platen teeth. It is undesirable and results in a severe force drop problem for
electro-magnetic force. These forcers can be operated as stepper motors. The linear motion is achieved
by the application of a proper sequence of phase currents. The planar motor operates on a steel waffle
platen and is floated on the platen by an air bearing. This planar motor has three degrees of freedom
that consists of two translational degrees of freedom and an unwanted rotational degree of freedom
(yaw) due to the fact that not all forcers can be mounted at the center of mass. This forcer is capable
of high position resolution (2 um) and high speed moves (1 m/s) using open-loop microstepping.
However, when these forcers are operated by open-loop microstepping, they may miss steps, or have
long settle times Furthermore, the undesired rotation (yaw) produced by the asynchronous mounted
forcers at the center of mass cannot be regulated by open-loop microstepping.
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Figure 1. Bottom view of a planar motor.

Various feedback control methods have been proposed to control planar motors [2-6]. A robust
adaptive control was designed to improve the position tracking performance [2]. In Reference [3],
a proportional-integral-derivative (PID) controller with a velocity estimator was developed to reduce
the settling time. An adaptive variable structure controller was proposed to guarantees global
asymptotic tracking of a reference trajectory in [4]. A robust backstepping method was proposed to
control planar motors without parameter information and current measurements [5]. The lead and
proportional-integral (PI) compensators were proposed to satisfy phase margin for planar motors [6].
A learning adaptive robust control motion controller was proposed for a magnetically levitated planar
motor to achieve good tracking performance [7]. In Reference [8], a predictive position control method
using trajectory gradient soft constraint with attenuation coefficients in the weighting matrix to achieve
high-precision, time-varying, and long-stroke positioning was proposed for planar motors.

These methods improved the position tracking performance; however, several drawbacks still
exist. First, for planar motor control, satisfying the constraint of yaw regulation is important to avoid
step-out. The previously reported methods have improved the position control performance; however,
the constraining of the yaw cannot be guaranteed by these methods. Furthermore, the position tracking
error constraints in both X and Y directions are also important. These constraints may be satisfied by
the use of high gain in the controller. However, the use of high gain amplifies the ripple because of
modeling errors, parameter uncertainties, and measurement noise [9]; thus, the system may become
unstable. In addition, it may also result in peaking phenomenon; thus, the lateral control in the
transient response becomes poor. Thus, the design of the control method is required to satisfy the
constrains of the outputs [10-14]. Furthermore, in the previous methods, the currents are regarded as
the inputs of the planar motor because electrical dynamics are faster than mechanical dynamics. That is,
the electrical dynamics are neglected. However, when current control is used, the phase currents are
reduced by back-back electromotive forces (EMFs) and have phase lags because of inductances [15].
Therefore, a feedback controller considering electrical dynamics is required for improving the control
performance of planar motors [16]. A robust adaptive control with the consideration of electrical
dynamics was proposed for planar motors [16]. However, this method required full state feedback.
Generally, the position can be obtained by using a laser interferometer, and subsequently, the velocity
is estimated. Normally, the currents are measured using sensing resistors. However, high-frequency
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noises affect current measurements [17]; thus, an estimation of currents is necessary. To the best of our
knowledge, there is no method to estimate full state using only position feedback for planar motors.

In this paper, we propose a nonlinear position control using only position feedback under
the position errors and yaw constraints for air-bearing planar motors. In the proposed method,
both mechanical and electrical dynamics are considered. The proposed method consists of the nonlinear
position controller and nonlinear observer. The nonlinear position controller is designed using a
backstepping procedure using barrier Lyapunov function (BLF) to satisfy the constraints of position
errors and yaw. The nonlinear observer is developed to estimate full state using only position feedback.
The stability of the closed-loop system is proven using Lyapunov stability and input-to-state stability
(ISS). Consequently, the proposed method satisfies the constraints of position error and yaw using only
position feedback for planar motors. The proposed method is validated via simulations. The main
contributions of the proposed method can be summarized as follows:

o  The whole dynamics including both the mechanical and the electrical dynamics is considered in
the controller design.

o  The tolerance for position tracking errors and yaw are guaranteed using only position feedback in
the proposed method.

e  The estimated state variables are used instead of the measured signals so that the measurement
noise cannot affect the control performance.

2. Mathematical Model of Planar Motor

The planar motor consists of four forcers (Xj, X, Y1, and Y) symmetrically mounted on a puck.
The principles of each forcer are similar to those of a permanent magnet stepper motor. The electrical
dynamics of the forcer X; is expressed [5] as follows:

: 1 ) )
Iy, :Z[vm — Riy,, — kX1 cos(yxq)] "

Z:Xw :Z[leb — Riy,, — xkXq sin(yxy)],

where x; is the position of the forcer Xy, iy,, and iy,, are the currents in the forcer Xj, vy,, and vy,
are the voltage inputs in the forcer Xj, « is the force constant, R is the resistance of winding, L is the
inductance, and ¢y = 27” where p is the toothpitch. The electrical dynamics of the other forcers X»,
Y1, and Y; are the same as those of Xj. The forces, Fy,, Fy,, Fy,, and Fy,, are generated by the forcers X,
X5, Yq and Y3, respectively, as follows:

K(1x,, COS(YX1) + leb sin(yxq

(i
(i
(i
(i

(
ix,, COS(yx2
iy, cos(yy1
iy, COS(YY2

(
+ iy, sin(yx,
+ 1y1b sm(’yyl
in(yy2

)
)
) &)
)

K
K
K
The total forces Fy and F; in the X and Y directions, and the torque 7 are calculated as follows:

Fx :Fxl “I‘sz
T:(Fx1 _sz)r+(Fy1 _Fy1>rr

where 7 is the distance from the center of the motor to the forcer. Therefore, the dynamics of the planar
motor are obtained as
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X =Xy
Xp = l(1—" — NxXp)
v MU NxXv
Y =Yo
. 1
Yo = M(Fy - ’7y]/v)
6 =6,
. 1
b, = T(T — 11g0)
: 1 .
lxla = Z [vxla - Rlxla - lev COS('Yxl)]
: 1 . .
Ly, = i [Ux,, — Rix,, — Kxq, sin(yxq)] 4)
: 1 .
Z3‘2(1 = Z [UXZR - Rleu - szv COS(')’XZ)]
: 1 . .
by =7 [0xy, — Rixy, — kX2, sin(7yx2)]
: 1 )
Zyla = Z[vylu - Rlylu - Kylv COS(’Yyl)]
H 1 . .
Ly, = I [vylb — Riy,, — 1, sin(yy1)]
1

l:]/Za = Z [v]/Za - Ri]/Za - K]/2v COS(,Y.VZ)]
: 1 ) .
Lyyy = I [vy2b — Riy,, —xys, sin(vy2)],

where x is the X axis position of the center of the puck, y is the Y axis position of the center of the puck,
and 6 is the yaw rotation. x; = x +rsin(6), x, = x — rsin(), y; = y + rsin(), and y, = y — rsin(6)
are the positions of force Xj, X, Y1, and Y>, respectively. x1_, X2, y1,, and y,, are the linear velocity
of the forcers, 6, is the angular velocity of the yaw rotation. i/s represent the currents in the forcers,
vgs represent the voltage inputs in the forcers, and, 7, 17y, and 17y are the coefficient of viscous friction.

3. Nonlinear Position Controller Design

3.1. Backstepping Control Using BLF for Mechanical Dynamics

In this subsection, the mechanical controllers are derived by a backstepping procedure using the
BLE. In the context of mechanical dynamics, Fy, Fy, and T can be regarded as virtual inputs, which are
expressed as follows:

X =xy
fo = (B —

v MX ﬂxxv)

T 6
Yo = %(Fy —yYo)

0 =0,

. 1

GU = T(T — 17990).

The mechanical errors are defined as
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ey =x — x°

*
Cx, =Xy — Xy

d
ey =y —Y ©)
ey, =Yo — Yy
ep =60 — 6

(397) :97) — 9.:,

where x¢ and y; are the desired positions; and 6 is the desired yaw, which is generally zero.
Furthermore, x3, v, and 0; will be defined. The mechanical error dynamics are expressed as follows:
éx =Xy — X’d
ey = (B — ko) — 1
M
by =Yo —Vd

@)

s

. 1

€y = M(Fy —yYo) — Vo

ép =0, — 0y

. 1 Ak

éo, = (T~ ) — 0
Theorem 1. Consider the mechanical error dynamics (7) with |ex(0)| < by, |ey(0)| < by, and |eg(0)| < b

where by, by, and by are the positive constants and tolerances of the constraints for ey, ey, and ey, respectively.
If the virtual inputs are expressed as follows:

x5 = — kyex (b2 — €2) + x4
Yo =— kyey(bﬁ - 35) +Ya (8)
9: = — k@@g(b% - 65) + éd/

e
FX = — kxvexv + UxxU + Mx:; - b%i—xe%
o Cx
F]/ = — k]/ve]/v + NyYo + Myv - 7175 — eﬁ (9)
)% €
T=— kGUEGU + 77997; + IGU — 22
0 0

where ky, kx, , ky, ky,, ko, and kg, are the positive controller gains that are applied to the mechanical tracking
error dynamics (7), then |ex(t)| < by, |ey(t)| < by, and |eg(t)| < bg, Vt > 0 and ex(t), e,(t), and eq(t)
asymptotically converge to zero.

Proof of Theorem 1. The BLE, V,,,, is defined as

1 b2 1 by
Vin, :210g<b§xe§> —I—Elog (bzez

(10)
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The derivative of V;,, with respect to time is given by

le _ ex6y eyly gl
74754 B4
_ex(xp +ex, — Xg) ey(xy +ex, — Ya)
- B-4 2-e
eg (03 + eg, — 6,)
b3 — e '

With x}, v, and 67 (8), Viy, becomes

7 2,  Exlx 2, Sy 2, 8%,
Vg = —ksey + o5 —75 —kyey + 15— 5 —koeg + )
¥ y Gy b~ %

Let us define V};,, as

1 1 1
sz :le —+ Eei} —+ Ee%y —+ Eegv.

We obtain V,,,, as

- €xCx ; eye .
Vi, = — kye? + 7 e, — kyey + bzy Bt ey by
¥ — €x y ey
2 €pCp ,
— kgeg + 2 22 + eg,6p,
0~ %
exe 1
=— k2 + 2 pe [ = (Fy — nxxy) — X5
x€x B2 — 2 xp M(x MxXo) v

€y ey, 1 .
— kyey + bﬁyfyeﬁ T ey (M(Fy —yYo) = yZ)

€pey, 1 S
_ kgeg + bg — 65 + eq, <I(’L’ — 779911) — 90> .

With virtual inputs (9), V;,, becomes

7 2 2 2 2 2 2
Vin, = — kxex — kyey, — koeg — kx, e, — ky,e; — ko €5 -

6 of 18

(11)

(12)

(13)

(14)

(15)

Thus, |ex(t)| < by, |ey(t)| < by, and |eg(t)| < by, Vt > 0 and ex(t), ey(t), and ey(t) converge

to zero. U

Note that Fy, Fy, and T are not actual inputs in the mechanical dynamics (5). Thus, the virtual

inputs (9) are the desired X-axis and Y-axis forces and torque, which are expressed as follows:

. e
Ff = — ky,x, + HxXy + Mx, — ﬁ
X X
d ; e
Fy == kyveyv +1yYo + My; - bz%
Y~y
. e
Td :—k90390+77991;+16;; — sz 5"
9~ %

(16)

Note that the desired X-axis and Y-axis forces and torque can guarantee the constraints of ey, ey,

and ep.
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3.2. Commutation Scheme

In the planar motor, the actual inputs are voltages and not forces and torque. To obtain the desired
forces and torque, the desired currents are defined as follows:

rd T
d [ Ix 4
iy, = <2K + 4K1’> cos(yxq)

. [ AN

z‘fclb = (2;’; + 4Kr> sin(yx1)
rd 7

T N S

Foag = <2K 4K1’> cos(72)
rd 7

d X .

Iny, = (21( — 41(1’) sin(yx;)

) Pyd Td (17)

By, = | 3 + o cos(y1)
Fd

d _ y .

Zylb = <2K + 4:7(1’) Sll’l(’)/yl)
Fd

T

o = (21( 4K1’> cos(742)
Fd

d o l - .

Ty = <2K 4K1’> sin(742)

where if, i € [X14, X1, X202, X25, Y14, Y1b, Y2a, Y2b), are the desired phase currents.

3.3. Nonlinear Current Controllers for Electrical Dynamics

The phase currents of the planar motor decreased because of back-EMFs and have phase lags
by inductances during operation. Now, we design the nonlinear controller to guarantee the desired
currents (17) for the electrical dynamics controller. First, we design the controller for the forcer X;.
Let us define the current errors for the forcer X; as follows:

. .d
exlu :lxla - lX]a
€xy, =ixy, — 09 o
1o T X1p*
The current error dynamics for the forcer X are
, 1 , d
Ex1, :E[lea - Rlxla — KXy, COS(’Yxl)} - lxla
19
. 1 . . i ( )
bxyy =7 [0xy, — Rixy, — xxq, sin(yxy)] — 13,

L

Theorem 2. Consider the current error dynamics for the forcer Xq (19). If the voltage inputs for the forcer X;
are given by
0xy, =(Rix, +xx1, cos(7x1)) + L(ffla — keex,,)

. . d (20)
Uxy, =(Rixy, +xx1, sin(yx1)) + L(1y,, — keexy, ),

where k. is a positive controller gain applied to the current error dynamics for the forcer X; (19),
then ey, and ey,, exponentially converge to zero.



Mathematics 2020, 8, 1354 8 of 18

Proof of Theorem 2. The Lyapunov candidate function, V, is defined as

Ve =38, + 28 1)
Differentiating V, (21) yields
V =, (fn, — i5,) + exy (i, — 1,,)
=exy, (% [0x,, — Rix,, — K1, cos(yx1)] — i, ) (22)
+ex,, (% [Ux,, — Rix,, —kx1, sin(yx1)] — izlb).
With the nonlinear controller (20), V, becomes
Ve = —kee%,, — kee3,,. (23)

O

The electrical dynamics of the forcers Xj, Xp, X3 and X4 are all the same, thus the controllers for
other forces are analogous to (20). From the controller for the forcers X3, the controllers for all forcers
X1, X3, X3 and X4 can be designed as

Oxy, =(Rix,, + K21, cos(yx1)) + L(25,, —keex,,)
Uy, =(Rix,, +Kx1, sin(yxq)) + L(vzlb — keex,,)
Vxy, =(Riy, + KXg, cO8(7x1)) + L(0F,, — keexs, )
Uxy, =(Rix,, + KXo, sin(yx2)) + L(vi% — keexy,)
Y14 :(Riym + kY1, cos(yy1)) + L(U;llﬂ - keeyla) @)
vy, =(Riyy, +xy1, sin(yy1)) + L(v;w — keey,,)
Oy, =(Riy,, + K2, c08(7y1)) + L(0f,, — keey,,)
Vyy, =(Riyy, + kYo, sin(yy2)) + L(0y,, — keeyy, ).

4. Observer Design

In the previous section, for the proposed controller design, we assumed that the full states are
measurable. In this paper, we assume that the positions for X and Y directions are measurable,
that is, x, y, and 6 are available. x;, = x, + 0 cos(9), X3, = Xy — 0 cos(9), Y1, = Yo + 0 cos(h),
and yp, = Y, — 10 cos(6); thus, the dynamics of the planar motor (4) can be rewritten as

X = Xo
Xy = ﬁ(Fx—Uxxv)

= Yo
Jo= 3(Fy —1yyo)
0= 0y
0y = %(T — 17g05)
lixlu = %[vxla — Riy1s — kX COS(’YXI) — Kkrty COS(Q) COS(’)’xl)] (25)
Iy1p = %[vxlb — Riy1p — xxp Sin(’)’xl) — k1, COS(Q) Sln('Yxl)]
lyog = %[szu — Riypg — KXy cos(yx2) + k70, cos(0) cos(yxz)]
fob = 1[0xp — Riyap — kX0 sin(7yx2) + 7, cos(6) sin(yx,)]
fyia = 1[vy1a — Riy1a — kYo cos(yy1) — kr, cos(6) cos(yy1 )]
typ = 1[0y1p — Riyip — kYo sin(yy1) — xry cos(6) sin(yy1)]
iya = 1[0y2a — Riyoq — kYo cos(7y2) + xrfy cos(6) cos(yy2)]
l:yZb = %[ Oy2p — Riypp — kYo sin(yya) + x76; cos(8) sin(yy2)]-
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We proposed a nonlinear observer to estimate the full states as follows:

A

Ixla =7 [Ux1a — Riy1q — K2y cos(yx1) — xrf, cos(6) cos(yx1)]
+ Ly1a(x — %)

Lt :% [0x15 — Rixyp — K2y sin(yx1) — k7, cos(6) sin(yxy)]

+ Lap(x — %)

A

.1 . X R
Lx2a =7 [Ux20 — Riypg — K%y cos(yxp) + k16, cos(6) cos(yxz)]

(26)
+ Lyaa (x — %)
b =7 [ox2s — iy — xusin(y32) + rrf, cos(8) sin(722)]
+ Leap (x — %)
fyla :% [vym — Rfyla — ki cos(yy1) — xrf, cos(0) cos(yy1)]
+ha(y — 1)
by =% (010 = Riy1p — ko sin(yy1) — xr; cos(6) sin(yy1)]
+Lw(y —9)
fyza :% (0420 — Rfyzﬂ — K0y cos(yy2) + krfy cos(6) cos(yyz)]
+ lya(y = 9)
fﬂb :% [0y2p — Rfyzb — Kk sin(qyz) + k1, cos(8) sin(yy2)]
+ Lyap(y — 1),
where & denotes the estimation of e, F, = x(iy,cos(x1) + ixipsin(yxy)) + x(ivos cos(yxa) +

;xAZb sin(yxp)), B, = Kﬁyla cos(y1) + L1 sin(yyr)) + K(;yAZa cos(7y2) + ;yAZb sin(yy2)), T = [Kf(lea cos(rx1)
Fiap sin(yx1)) — kr(ix2q cOS(Y22) + Le1p sin(yx2))] + [kr(iy10 cOS(Yy1) + 115 SIN(YY1)) — K7 (1y20 COS(YY2) +
i,op sin(7y2))]. The estimation errors are defined as
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=
Il
=>

X —
yi
0 —

T <
Il

> <D

~ ~

Ixla =ixla — lxla
{xlb =iy1p — fxlb
lTxZa =iy — fou (27)
;x2b =lyop — foa
{yla :iyla - fyla
{ylb :iylb - fylb
;yZu :iyZu - fyZa

Lyo2p =Lyb — ly2a-

The estimation error dynamics are obtained by

- 1 .- .

Xo :M[Fx Uxxv} [yoX

¥ =0 — lyg

- 1 .-

Yo —M[Fy - ’7y]/v] - lyv]/

s, 3

97; :T[T - 7799] - 1906
¥ 1 g ~ ~ ~
Ixla :Z [_Rlxla — KXy COS(’)/Xl) — xrty COS(G) COS(’)’xl)] — Ly14%
o :% [~ Rigp — k%o sin(yxy) — xrfy cos(8) sin(7x1)] — Ly T (28)
+ 1 4 ~ A ~
1x2a :Z[—szzu — KXy cos(yxa) + k70, cos(0) cos(yxa)] — L X
+ 1 g o . ~ . ~
b =7 [—Riypp — kXp sin(yxp) + k10, cos(0) sin(yxz)] — LiopX

- 1 4 ~ ~ -
Iyla =7 [—Rzylu — Kifp cos(yy1) — krfy cos(8) cos(yyr)] — lj1ad

4 1 4 ~ . ~ . ~
Iy1b :Z[_Rlylb — Kffo sin(yy1) — kréy cos(0) sin(yy1)] — L1

¥ 1 e ~ A ~
ly2a :Z [_RlyZa — KYo COS(’V}/Z) + Kkrty COS(G) COS(’Y}/Z)] - lyZay
¥ 1 4 ~ . ~ . ~
fan = [ Riy, — o sin(yy2) -+ K cos(8) sin(y2)] — lasf)

Evhere E = K(;xlg cos(yx1) + 7x1~b sin(yx1)) + x(ix2 cos~('yx2) +Top sin~('yx2)), F, = K(7y1~ﬂ cos(yy1) +
iyy, sin(yy1)) + x(iy2 c~os('yy2) + 120 s'1~n('yy2)), T = [Ki’(ixla cos(yx1) + ixl~b sin(yx1)) — xr(iyp cos(yxz)
Fix1p sin(yx2))] + [kr(iy1a cos(yy1) + iy1p sin(yy1)) — xr(iy2qa cos(vy2) + iyap sin(vy2))]-

Assumption 1. During the operation of the planar motor, cos(0) > 0, ¥Vt > 0. { The planar motor steps out
when the yaw is relatively large. Thus, this assumption is reasonable.

Theorem 3. Suppose the estimation error dynamics (28) with Assumption 1. If Iy, 1, and lg are positive,
lyy and 1y, are ﬁ, and lpy, is %, then the estimation errors exponentially converge to zero.
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Proof of Theorem 3. The Lyapunov candidate function, V, is defined as

v, — 1 : —i—Mx LR Lyv+92 Icos(G)g%

2 7 (¥ L L 29)
2 2 2 2
+ lea + lxlb + lx2u + Zbe + Ly1a + lylb + Ly2a + ZyZb)‘

with Assumption 1, (29) can be the Lyapunov candidate function. The derivative of V; is as follows:
—-ne Lo B ge s e
R R 2 R R+
- flxla - flxlb o f1x2a - flxzb
R R~ R R
T L ie T e T T ly2a T T hyab

(30)

If Iy, 1y, and Iy are positive, Iy, and Iy, are ﬁ, and Iy, is %, then V, is negative definite.
Thus, the estimation errors exponentially converge to zero. [
5. Analysis of Closed-Loop System

The backstepping controller (16), nonlinear controller (24), and nonlinear observer (26) were
designed separately. Thus, the stability of the closed-loop system should be studied. The closed-loop
system is expressed as follows:

ém =Amem + B, (X)ee + B, X

be =Acle + Bo(X)X (31)
X =Ap(X)X,

_ T _ T _
where e, = [ex ey, ey e]/v eg €], e = [exu Cxip Cxa €xpp Cyra Cy1p Cyra e]/zb] , X =
[x Xv Y Yo 6 0y ixla ixu; ixza ix2b] X= [x Xy y yU 0 9” lxl lxlb leu lxzb lylu lylb lyzu ljzza]T' Ci; = COS(’)’Z )
si; = sin(ij) fori € [x,y] and i € [1,2], cg = cos(0), b, = — T Rtk

[—ky 0 0 0 0 0 ]
0 —ky, O 0 0 0
A, — 0 0 —ky 0 0 0
0 0 0 —ky, O 0
0 0 0 0 —kg 0
| O 0 0 0 0 —ky,|
[k, 0 0 0 0 0 0 0]
0 —k O 0 0 0 0 0
0 0 —k O 0 0 0 0
A — 0 0 0 -k O 0 0 0
10 o o0 0 —k 0O 0 O
0 0 0 0 0 -k O 0
0 0 0 0 0 0 -k O
| 0 0 0 0 0 0 0 —k|
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[0 0
K K
MCx1 MSu
0 0
Bm X -
=0 0
0 0
K K
LMCx1  M3x
(0 0
Nx
0 M
S
", =
2 0 0
0 0
0 0
0 —%c,, 0 0
0 s, 0 0
0 —Xcpy, 00
Bix)— |0 —Fsm 00
(X =1o 0 0 —xc
L-Y1
K
0 0 0 —kEs,
K
0 0 0 —X,
K
0 0 0 —1sy,
—Iy 1 0 0 0
- - 0 0 0
0 0 ~ly 1 0
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In the closed-loop system (31), Ay, and A, are Hurwitz with the positive control gains. By, B,
and B, are bouneded. Thus, e;; and e, are ISS stable. In the previous section, it was proven that X
exponentially converge to zero. Thus, e, converges to zero. Consequently, e;,, converges to zero.

6. Simulation Results

We performed simulations to evaluate the performance of the proposed method. The simulations
were performed using MATLAB/Simulink. The parameters of the planar motor, Normag XY1304,
were used. The parameters, control gains, and observer gains used are listed in Table 1. The sampling
frequency was set to be 1 MHz. To demonstrate the robustness of the proposed controller, the following
disturbances of both forces and torque are included in the simulations.

hd Fax
° de

e 7;=5(1+0.5cos(2t)).

= 14(1 + 0.5cos(3t))x + 2sin(47yx),
= 14(1 + 0.5cos(3t))y + 2 sin(4yy),
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In these simulations, the proposed method was compared to the conventional PID controller (32)
as follows:

t
Fe =k (2 — 2) + ki / (x — x)dT + kg (29 — %)
0
t
Fy =kpe(y" =) +kiy || (" =yt +kay (5 =) (32)
t
T =kpp (07 —0) +kip [ (67— 0)dT + kg (67 — 6),
0

where kpx = kpy = 50,000, kdx = kdy = 50, kix = kiy = 500, kpg = 1000, kdg =5, and kig = 2000.
Two cases were tested to evaluate the effect of the proposed method, which are as follows:

e  Case 1: The conventional PID controller (32) and the nonlinear controller (24).
e  Case 2: The proposed controller (16) and (24) with the constraints (bx, by, by = 1 X 1075).

For two cases, the commutation scheme (17) and the nonlinear observer (26) were used.

Table 1. Plant parameters, control gains, and observer gains.

Plant Parameters and Gains

M 1.35kg
I 4 x 1073 kg/m?
r 0.0485 m
Plant parameters '; 1%)1* 6§ {rf]m
K 17
L 7x107*H
R 20
kx, ky 1 x 10
ke 3 x 10V
Control gains kx,, ky, 1 x 10*
ke, 6 x 103
o 1x10°
Ly, Iy 1000
Iy 20,000
Leos lyw 5.18 x 1074
Observer gains loo 0.175
Ltas Letp 0
Ly2ar Lx2p 0
lylur lylb 0
lyZu/ lyZb 0

The desired positions for X and Y directions as shown in Figure 2 are used. The desired yaw was
set to be zero.
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o
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-t o1 N
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1 1

X\& Y axis [m]
o
o
[6)}

o
1

0.2 0.4 0.6 0.8 1 1.2
Time [sec]

o

Figure 2. Desired positions for X and Y directions.

The estimation performances of x, y, 6, and i for Case 2 are shown in Figures 3 and 4. It is observed
that the estimated states tracked well the actual states by using the proposed nonlinear observer.

0.25 T T T T T T
Actual X
0.2 — - — - — Estimation X]|
€ 0.15 .
L
X 0.1 .
X
0.05 7
0 i
1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2
Time [sec]
(a) Estimation of x
025 T T T T T T
Actual Y
02F — - — - — Estimation Y]
€ 0.15 .
B
5 0.1 _
>-
0.05 _
0 _
1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2
Time [sec]
(b) Estimation of y
-5
1 x10 T T T T T T
Actual 0
S o5 | —e Estimation 6 |
(0]
2 0
Y
g
-05F 7
_1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Time [sec]
(c) Estimation of 6

Figure 3. Estimation performances of x, y, 8 for Case 2.
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(a) Estimation of iy,

Yaw [deg]

-1
0.25 03 035 04 0.45 05 0.55

Time [sec]

(b) Estimation of i,

Figure 4. Estimation performances of iy, and i,7; for Case 2.

Figures 5-7 show the simulation results for cases 1 and 2. Large acceleration and deceleration
appear in the desired positions for the X and Y directions. Thus, large overshoots of the positions
and yaw appear in case 1. The offset error in the positions exist during periods of constant velocity.
Moreover, in case 2, the tolerances 1 x 10~ for the position tracking errors and yaw are guaranteed by
the proposed method during both transient and constant periods. Furthermore, the offset error in the
positions disappeared during the constant velocity periods.

0.25 T T T T T T
Reference

C

I
o

e
o

X axis [m]
=}

0.05

L L L L L L
0 0.2 0.4 0.6 0.8 1 1.2
Time [sec]

(@) Tracking performance

40 T T T T T T

20 F i

X tracking error [um]
o

-40 L L L L L
0 0.2 0.4 0.6 0.8 1 1.2

Time [sec]

b) Tracking error
( g

X tracking error [um]

0.29 0.3 0.31 0.32 0.33 0.34 0.35
Time [sec]

(¢) Zoom-out of tracking error

Figure 5. Tracking performance for X direction for cases 1 and 2.
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Figure 6. Tracking performance for Y direction for cases 1 and 2.
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Figure 7. Yaw regulation performance for cases 1 and 3.
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7. Conclusions

In this paper, we proposed nonlinear position control using only position feedback to guarantee
the tolerances for position tracking errors and yaw in air-bearing planar motors. The proposed method
consisted of the nonlinear position controller and nonlinear observer. The nonlinear position controller
was designed by a backstepping procedure using BLF to satisfy the constraints of position errors and
yaw. The nonlinear observer was developed to estimate full state using only position feedback. In the
simulations, we observed that the tolerances for the position tracking errors and yaw were guaranteed
by the proposed method during both transient and constant periods. In the future work, we will
design the controller to guarantee the constraints of both the control inputs and the outputs.
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