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High-Precision XY Stage Motion Control of
Industrial Microscope

Idris Li Hong Lim, Member, and Dazhi Yang

Post Conference Paper

Abstract—This paper presents an economic way to im-
plement a high precision (um level) XY stage motion con-
trol for the industrial microscope using DC motors. Other
than the prevailing design of using stepper motors where
the stage is always locked under the motorized mode,
the proposed design allows users to manually move the
stage by introducing the friction engagement in between.
The nonlinearity from the friction is then fully compen-
sated by the sliding mode control (SMC) so that the stage
can strictly follow the predefined motion profile. Possible
chattering suppression methods are discussed and the
accuracy loss is analyzed using LuGre friction model. Fine-
tuning algorithm is then proposed to limit the position error
within £2 ym. Comparing to the other m-level industrial
microscopes using stepper motors, the proposed solution
achieves comparable performance with much lower costs.

Index Terms—SMC, DC motor, microscope.

I. INTRODUCTION

WITH the rapid progress of optics and zoom design,
the magnification of a modern industrial microscope

can be up to 2350, which greatly expands its application
in the industry of semiconductor, automotive, biomedical, etc.
The big magnification requires the high precision (e.g., pm-
level) for XY stage motion, and the conventional manual stage
becomes less competent in such a case. Correspondingly, the
motorized stage is a better choice, where stepper motors are
broadly used due to their precise structure and simplicity
in control (usually open-loop). Recent progress in motorized
stage design can even achieve nano precision and large-range
motion by using compliant mechanisms [1]-[3]. However, the
microscope is not always working under big magnifications.
For low and mid magnifications, manual stage movement
is still preferred due to its convenience and fast response,
which means the motor must allow manual rotation during
the operation. Unfortunately, this is not applicable for stepper
motors as well as other actuation technology like linear or
piezo motors.

In order to allow manual movement for a motorized stage,
the DC motor seems to be the only choice. Recent patent [4]
proposed a stage design using DC motors and the friction
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as the driving force. The engagement of friction brings a
big challenge to the motion control. As shown in Fig. 1(a),
friction can be modeled as a nonlinear function of relative
velocity, which is composed of Stribeck (between static and
Coulomb), Coulomb, and viscous components [5]. In reality,
Stribeck friction can even vary in the phase of acceleration
and deceleration, as shown in Fig. 1(b). Such a high non-
linearity can cause system damping (see more details in
Fig. 9). Therefore, linear controller like PID is inapplicable.
Since the friction is either unknown or unmeasurable, feed
forward compensation is inapplicable as well. If the uneven
contact surface along the stage rod is considered, Coulomb
friction is not constant anymore, which makes control more
difficult.

Friction Fy Viscous \fnclmn

Max static friction F,, v

Coulomb friction F, [

--- Stribeck curve

Friction

ol Velocity i

(a) model (b) real

Fig. 1. Friction modeling

A natural question is whether the solution in [4] can achieve
the pm-level precision of the stage motion. If possible, what’s
the lowest cost? The ideal case is that all the necessary
hardware components are kept unchanged to maintain the low
cost, and only control algorithm in firmware is changed to
achieve pm-level precision. That’s the motivation of the paper
and our way to implement “high-precision-low-cost” motion
control for XY stage.

If the friction is regarded as some external disturbance,
the motion control of the DC motor is equivalent to the
disturbance rejection, and sliding mode control (SMC) should
be applicable in that case. SMC in nature is a nonlinear
control [6], which constraints the system motion in a manifold
(sliding surface) to simplify the system (order reduction).
It is also independent of matched disturbance, so detailed
information about friction is not required, except for its upper
bound only. The control law is simple enough to be easily
implemented (no integral calculation like PID) and very robust,
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S0 no extra requirements or costs are needed for the hardware
manufacturing.

The main obstacle of applying SMC in practice is the so-
called chattering [7], which is caused by the discontinuous
function sgn(c) in the control u(t), where o is the sliding
surface. As 0 — 0, sgn(o) will be fast switching between
41, which results in unacceptable noise as well as damages to
the device. Increasing the sampling rate helps to alleviate the
chattering, but it cannot eliminate the root cause. Boundary
layer design [8] is a commonly used method for chattering
suppression, where a continuous saturation function sat(-) re-
places the discontinuous sign function sgn(-) in a region called
the boundary layer around the sliding surface. However, using
sat(-) instead of sgn(-) breaks the asymptotic stability of SMC
(i.e., 0 — 0 as t — o0) so that accuracy loss is inevitable.
Recent progress in chattering suppression is well summarized
in [9]-[11], where existing methods can be divided into two
categories. One is to introduce an integrator in SMC so that
discontinuous functions after integral become continuous [12]-
[14]. The other is to increase the order of SMC [15]-[17],
based on which super twisting algorithm [18] is proposed and
combined with adaptive change of control gain. However, both
methods increase the complexity in control and difficulty in
implementation. Extra cost for faster MCU and more RAM is
also inevitable.

A better way is to use SMC with boundary layer as the
coarse tuning for the motion control, which will drive the stage
to some neighbourhood of target position. Then, some fine
tuning method can be used to narrow the position error within
the pum-level tolerance. The preliminary work was reported in
IECON 2017 [19], and this paper includes the supplements
for the fine-tuning analysis, simulation, precision comparison
with PID and stepper motors.

The whole paper is organized as follows. Section II presents
the hardware components of a commercially available XY
stage, which serves as our bench mark. Standard SMC design
with boundary layers is given in Section III, where fine tuning
method is proposed and analyzed with LuGre friction model.
Validation is done in Section IV by comparing the stage
performance (both precision and speed) with its original PID
control as well as the competitor’s product. Conclusion is
finally drawn in Section V.

Il. HARDWARE DESCRIPTION

The proposed research is based on Leica DVM6, which
is a good benchmark for our study since Leica is a leading
brand and manual movement is allowed in their motorized
XY stage. The experiment setup is shown in Fig. 2, where
all the motion control is done by XYZ main PCB. MCU
is from Freescale MC56F8335, which is 16-bit, 60 MHz
maximum core frequency with 64KB program flash. It was
lauched in 2007, cheap enough but less powerful now. Through
CodeWarrior USB TAP, new firmware with the proposed
control can be flashed back to MCU. Real-time data of the
stage performance is then displayed in FreeMaster through
UART debug port. Target position commands are set through
CAN bus.

P To Code\Vartior
;‘USB TAP, h—

XYZ main PCB

XY Stage

"=To FreeMaster
(debug)
MC56F8335

To USB

CWUS

Fig. 2. Experiment setup

By tearing down the XY stage, the friction engagement
between motor shafts and moving tracks can be simply di-
agrammed in Fig. 3(a), where DC motor is mounted on a
bracket attached to a spring to keep the motor in position
during motor operation. Roller bearings and springs are used
to maintain a constant force exerted on the motor shaft against
the parallel rod. Since DC motors are fixed to the XY stages,
motor shaft moving along the rod (track) will pull the stage to
move as well. The detailed schematic for the controlled XY
stage is shown in Fig. 3(b), where each stage has two parallel
rods on which bearings provide guidance and low friction as
the driving force.

Roller bearings
and compression
spring.

Mator bracket
144 and fEnsion
spring.

Parallel rods

(b) stage schematic

Fig. 3. Diagram of XY stage [20]
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In the case of the electronic components, optical
scale/readhead from Renishaw gives the position encoder with
the resolution of 0.2 pm, as shown in Fig. 4, where only X
stage is demonstrated. An interpolator is used to digitalize
the analog signal from the readhead. PCBA attached to the
stage center is in charge of all the communication among
encoder, motor and MCU. With the constraints of space and
weight, coreless DC motor from Namiki is used. The hardware
architecture of the stage positioning system is shown in Fig. 5.

X
Readhead

FPC

X Interpolator

Molex

__|Adam Tech

Stage-X
Conn-A
PCBA

Stage-Encoder PCBA

(a) Diagram

(b) Real connection

Fig. 4. Optical encoder for position

The DVM6 with the original firmware has been extensively
tested on the precision and speed, and the result can be found
in Section IV. There exists about 1% cases that the target
position cannot be met within the error tolerance of +2 pum.
Speed profile of motion control is not strictly followed either
as one can feel the obvious jitter during the stage movement.
As mentioned in Introduction, the objective of this paper is
to keep all the hardware unchanged, but to improve the stage
performance by changing the firmware only (using SMC-based
motion control).

Il. STAGE MOTION CONTROL WITH SMC

The system diagram of the motion control in DVM6 is
shown in Fig. 6, where V' is input voltage to DC motor; E
is back electro-motive force (EMF); R and L are armature
resistance and inductance, respectively; K. is back EMF
constant; K; is torque constant; 7' and T, are torque from
motor and friction, respectively; J is rotor inertia; b is viscous
friction constant; w is angular velocity; 6 is rotation angle; and
r is the radius from rotor axis to the contact point on tracks.
The real values of all parameters are shown in TABLE L

A. Standard SMC Design

To simplify our design, let b ~ 0 as coreless DC motor is
used here. Since the electrical time constant 7. = L/R = 14.5
s, which is much less than the shortest sampling time of
MCU (102 ps), dynamics in armature can be ignored, i.e.,

TABLE |
SYSTEM VARIABLES
Symbol  Value Unit Symbol  Value Unit
L 0.16 mH R 11 Q
K 127 mNm/A Ke 1.3 mV/rpm
J 1.1 gcm? T 1.542 mm

1/(Ls+R) ~ 1/R. In combination of the controller, Fig. 6(a)
can be further simplified as Fig. 6(b), where r is put into the
inner loop, y and y, are the current and target position of the
stage, respectively, and e = y,. — y is the position error.

Let x1 = y and x5 = &1 = g, it derives from Fig. 6 that

Letey =e=y, —y and eg = é1, then x1 =y =y, —e; and
T9 = T1 = Y, — e2. Replacing state variables x; and x5 with
e and ey gives

€1 = ea, (D
KeKt . KeKt TKt
. — - — T. 2
TR e gput gt @
Define the sliding surface o = pie; + paes with py o > 0, it
follows from (1) and (2) that

o KK K.K,
o =p2 | Ur IR Ur b1 — P2 TR

é2:yr+

rK;
— Py —— Ty. 3
D2 JRu+p2J d 3)
If Friction is bounded, i.e., 0 < |Ty| < T,,, the SMC is given
by
= JR + KeKt .
T‘Kt Yr JR Yr
P KeKt) 2 }
+ (= - es + —sgn(o)|, 4)
(pz TR ) ) (

where p > T,,por/J. Substituting (4) into (3) yields

r
— P2 T 5)

The proof of e; 5 — 0 as t — oo in (1) and (2) with SMC
by (4) is standard. Choose Lyapunov function V = ¢2/2 > 0,
it follows from (5) that

o=- [psgn(a)

TdU)
Tmlo| — p2 decr)

(| Tallo| -

e

(=

< —|\p2—
< 1 Tyo) <0
= J do) = U.

B. Chattering Suppression

Chattering caused by SMC in (4) comes from the following
factors.
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Fig. 5. Hardware architecture of stage motion control

Friction T, #0

Armature Torque l Load
v 1 i T 1 W T ar
+ - " < 7% position
_ Ls+ R + Js+b s =f position

(b) Simplified motion control system with SMC

Fig. 6. Diagram of motion control systems

1) Noise in ey: Only position sensor is available for XY
stage of microscope, i.e., e1(t) is directly measured. To get
e (t), differentiation [e;(t) — e1(t — T)]/Ts has to be done,
which also magnifies the measurement error in e; especially
for fast sampling system. Let

@ _ KeKt _ 0
P2 JR ’
then (4) becomes
o JR . KeKt . M
U=k Ky + 5 y) +p2sgn(o)} ;

DC/DC DC/oc DC/DC
LT3980 LT3692A LT3980
™ 5V 12v Sv~z4y
3.3V
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LDO W Ref V Bias
3.3V 3.3y 1 opamp
TP573233DCO LM4A132ENMF-3.3 ADSEDAART
33 ¢
[ HAXB DS9637ACM Dual [ X
Camera Ready o Diff Line Rec R
- Connector
s XY Ready YAYB DSO637ACM Dual | J
\ELID tect Diff Line Rec
etec _ bo7
i z- drat Z-Encod
Quadrature ’ZA,ZB D58637ACM Dol ncoder
Baseboard RSTN,U/D, Decoder = Diff Line Rec Interface
Connector ngp SEL1-2 .| nHcr2o22 Connector
MCSEFB335VFGE
XY motor +
PWMs H-bridge BLI + Rot
& 5 ————>{ DRVB412D0DW Sensor
P CAN : : Connector
Transceivers o >
&) swestvoasoor | o oW . I
5 =~ H-bridge - Z_Ste‘il_a
“| orvsazzoow " Zmotor
PR Y -
Z Limit L W A
Connector Current
|:| Sense .
opamp |+
Reset ADB207
Circuit
v
Debug .| 2xumos .| zclutch
UART “1 z-clutch) 1
ITAG & | 5 Z Clutch
2

which does not contain any e term.

2) Over-estimation of p: p is dependent of 7T,,,, which can
be big enough as long as the hardware allows. However, a
high T, is unnecessary for most of our working conditions.
Note that 7,; mainly increases with motor speed, a more
realistic way to lower p is to limit motor speed by following
a predefined profile. This is also the requirement of motion
control. Fig. 7 shows the commonly used speed profile for
motion control. If e(0) < fg ° vdt, the speed profile is triangle.
Otherwise, the speed profile is trapezoid.

According to the friction model (12) in Appendix,

9(v)

ol

o0z = g(v)sgn(v) (6)

Substitue (6) into (13), the friction

g(v)

) s

|v]

Since T, corresponds to the constant v,, (when motor speed
follows the trapezoid profile), Z a0, then F' = g(v)sgn(v) +
oov and

F = g(v)sgn(v) + o2v + (01 -

= Trpor/J < (|g(vm)| + o2|v])p2r?/J.

3) Discontinuity of sgn Function: Boundary layer method
is used to replace the discontinuous sgn(-) function with the
continuous saturator function sat(-), as shown in Fig. 8(a). d
is a tuning parameter to get the balance between the accuracy
and performance requirements.
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Vimax  fococooan -

o fo 1

Fig. 7. Motor speed profile

d o P Opled o

(a) sat(-)
Fig. 8. Boundary layer method and fine-tuning

(b) fine-tuning

C. Fine-tuning Method

SMC with the boundary layers drives the stage into some
neighbourhood of the target position with a radius less than d.
After that, the proposed fine-tuning method further narrows the
neighborhood radius within 2 pm. Friction plays an important
role in this phase. Impulse response in Fig. 9 shows how the
friction impacts on system dynamics, where the dotted blue
line represents the real response for T;; # 0. Motor input

ul(t) = {

where 12 V is the maximum input voltage of DC motor, and
Ts = 102 ps is the fastest sampling time of MCU. If T;; = 0,
the open-loop transfer function from u to y is

Y(s) 1

Gls) = U(s) s(rs+1)’

12V,
0V,

0<t< Ty
otherwise,

where 7 = JR/(rK) is the time constant. Its impulse
response in time domain for u(t) = K4(t) should be

y(t) = K(1—et/7), )

which is shown by the red line. It is clear to see that friction
affects both steady and transient states of the system. Steady
state value drops 96% from 150 um to 6 pum. (7) has no
damping at all, but friction causes damping up to 12 pm, which
is much larger than the precision requirement of +2 pm.

As aforementioned, chattering suppression using boundary
layer method suffers from the accuracy loss, i.e., 0 < |e] < d.
Suppose at t = t1, the stage stops moving and enters the
steady state, i.e., e1(t1) = e(t1), ea(t1) = é1(t1) = 0 and
ég(tl) = 0. CT(tl) = plel(tl) +p262(t1) = ple(tl), and (4)
becomes
o JRup1

 rKipo

JR
E sat(pre(ty), d)

u(t) = 7 et).  ®

3
£ -
5 5
& 3
S =
¢ g
£
0 1 6 2‘0 36 46 5‘0 E;O 7‘0 86 96 100
Time (ms)
Fig. 9. System impulse response in case of friction
since §-(t1) = 9, (t1) = 0. Substitute (8) into (2),
r P
*Td(tl) = ,u—e(tl). (9)
J D2

At t = t], if Au = u(ty) is injected into u(t), i.e., u*(t) =
u(t) + u(ty) for ¢ > t1, by LuGre model in Appendix from
(12) and (13), v(t) = 0 and 2(t]) = 0, s0 F(t]) = F(t;) =
00z(t1) has no change. So does Ty as Ty = F' x r. However
by (2),

. r rK
éx(t]) = de(tf) - TRt [u(t]) + u(t1)]
T P rK,
= de(tf) - Mée(h) - TRtU(tD
rkK,

which means the stage starts to move. Suppose at ¢ = to,
the stage stops moving and enters the steady state again, i.e.,
el(tg) = e(tg), eg(tg) = él(tQ) =0 and ég(tg) = 0. O’(tg) =
pier(ta) + paea(ta) = pre(ta), and (4) becomes

W) = ults) + u(ty) = if;’:;l le(t2) +e(t)].  (10)
Substitute (10) into (2),
= Talts) = u% le(t2) + e(t1)] (11)

If T4(t1) = Ty(t2), which is true in most cases, by comparing
(9) with (11), e(t2) = 0. This means the accuracy loss can be
fully compensated.

The simplest way to inject Au into u(t) is to shift target
position from y, to y. = y, — e, which causes the shift of
origin from O to O’ for sat(-) function, as shown in Fig. 8(b).
Since d has no change, (8) becomes

JRu
rKips
JRglipl

2 rKips e(t),

JRu
rKipy’

U(tl) =

sat(2ple(t1 ), d)

if 2p1€(t1) <d,
if 2p1€(t1) > d.
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This motivates us to propose the following fine-tuning al-
gorithm to compensate the accuracy loss by boundary layer
methods.

Stepl. Check the steady state error e of X/Y stage after
settling down;

Step2. If |e] > 2 um (10 count), adjust target position by
Yr =yr — €

Step3. Count the loop number n for Step 1-2 and go back
to Step 1;

Step4. Stop until |e| < 2 pm (10 count) or the loop number
n > 3.

The flowchart of the above algorithm is shown in Fig. 10.

Set target yr
i=1

Wait for settle down

Fig. 10. Fine-tuning algorithm

IV. VALIDATION

The validation of the proposed SMC with fine-tuning is
carried on by three tests. 1) Check the effectiveness of the
proposed fine-tuning. 2) Verify the accuracy and reliability
of the control algorithm. 3) Compare the speed of the stage
with other products. Real position is measured with SIOS
Mi5000 laser interferometer and target position is read from
the encoder of the stage. Error tolerance is 2 pm.

A. Effectiveness of the Fine-tuning

The test plan is shows as a flowchart in Fig. 11. The
acceleration and max speed of the motion profile are set as 0.5
m/s? and 24 mm/s, respectively. SMC parameters are p; = 1,
p2 = 0.0077, 4t = 1.068 and d = 20 pm.

Stepl. Set zero point for XY stage movement and move the

stage to zero;

Step2. Towards positive direction, move XY stage with the

step size of 80 pm until the stage reaches 20 mm;

Step3. Towards negative direction, move XY stage with the

step size of 80 pm until the stage reaches -20 mm;

Step4. Towards positive direction, move XY stage with the

step size of 80 um until the stage reaches zero;

StepS. Repeat Step 2-4 with multiple (2x, 3x, ..., 250%)

step size of 80 pm.

N
250 Ty ‘
15 !
Yo 1017 PR
Stop l
L N 40 V
Xe=Xe+i % 400 Jr<-10%7 —l
N
l »=0? !

Ye=yr—ix 400 l N

o= +1ix400

Fig. 11. Test procedures

The statistics of the test results are shown in TABLE II. For
a total of 5684 target positions, standard SMC with boundary
layer method achieves only 80% success rate for both X and
Y stage, whereas the proposed fine-tuning algorithm increases
the rate to 100%. Histogram plots in Fig. 12 show how the
Gaussian distribution of position errors is squeezed to meet the
precision requirements by the proposed fine-tuning algorithm.

B. Accuracy and Reliability

For the accuracy test, both transient and steady state per-
formance are concerned.

1) Motion Profile Following: This test is to check the
transient performance of the stage before it reaches the target
position. X stage to move from 0 to 20 mm by following the
trapezoid speed profile as shown in Fig. 7. The acceleration
and max speed is the same as before. The proposed SMC
with fine-tuning algorithm is compared with the original PID
control in Leica DVM6. PID paprameter values are roughly
identified by some trial-and-error as K, = 0.28, K; = 0.001
and K; = 0.7, as we do not have Leica’s source code.
Fig. 13 shows the result, where SMC strictly follows the
motion profile, but PID cannot.

2) Steady State Accuracy: 1000 target positions for X stage
are randomly selected. For each one of them, steady state
values of real position are recorded 500 ms later after the
moving stops. The proposed SMC with fine-tuning algorithm
is compared with Leica DVM6 (original PID) and Keyence
VHX-6000 (stepper motor). Statistics results are shown in
TABLE III. It is clear to see that the proposed method
outperforms the other two with zero failure rate.

C. Stage Speed

The test for the stage speed is done by measuring the time
of tile scan with different settings of zoom values, FOV and
scan areas. To compare fairly, resolution of 1600x 1200 pixel,
exposure time of 5 ms and gain of 1.0 are in common. Three
cases of different test settings are listed in TABLE IV (Case
I - TII) together with the scan time for PID and SMC on the
same DVMBG6 stage. For all cases, SMC achieves at least 33%
faster in stage movement than PID.

A similar tile scan test is done on Keyence VHX-6000,
which uses stepper motors with open loop control. The result
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TABLE Il
TEST RESULTS

Total Positions  Stage  Fine-tuned? Mean (um)  Std (um)  No. within £2 pum % within +2 pgm
X No -0.0331 1.7486 4605 81.02%
s684 Yes -0.0217 1.0553 5684 100%
v No 0.2947 1.5438 4856 85.43%
Yes 0.2153 1.1228 5684 100%
01 : : : : : ' ' ' '
[ wio fine tune © wio fine tune
0.08 _ o ]
0.07 £ :
3
006 ;
g 0.05 ug_l 0
% 004 S
3 10k
0.03 o :
0.02 .. A
20 2
0.01 N
0 ! 30 . : . . . . . . .
-30 20 10 0 10 20 30 1 08 06 -04 02 0 02 04 06 08 1
X Error (0.2 um) Target Position (0.2 zm) «x10°
(a) Histogram for X stage (b) Errors for X stage
0.09 . . 30 = - . . .
[ wio fine tune . : -~ wio fine tune
0.08 - [ w/finetune | ' w/ fine tune
E
«
z =l
] =
a 8
:‘ﬁ
8-

-30 -20 -10 0 10 20 30
X Error (0.2 um)

(c) Histogram for Y stage

Fig. 12. Position errors before and after fine-tune

is shown in TABLE IV Case IV. Since the test is done on
different microscopes, the scan time is not only dependant
on the stage performance but is also affected by the speed of
camera. Nevertheless, the proposed solution of DC motor with
SMC still achieves comparable performance.

V. CONCLUSION

A low-cost implementation of high precision motion control
for XY stage of microscope is proposed and fully analyzed in
this paper. The term “low cost” refers to the fact that there is
no change to the existing hardware. By changing the firmware
only, £2 pm precision is guaranteed. The main contribution

30 . . . . . Kl . . .
-1 -08 -06 -04 -02 0 02 04 06 08 1

Target Position (0.2 zm)

(d) Errors for Y stage

of the paper is the proposed fine-tuning algorithm for the
standard SMC, which is proven to be accurate and robust
in the validation test. The method can be easily extended
to many other applications of motion control to improve the
performance with no extra cost.

APPENDIX

For all the modeling of friction, the LuGre model is broadly
accepted for its good balance between accuracy and ease of
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PID
T T T
,E\ZU’ Target
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Fig. 13. Comparison between SMC and PID in motion profile following.

TABLE IlI
FAILURES OF 1000 RANDOM X STAGE MOVEMENTS

Stage Target (mm)  Error (um) X %
-37.904 -16
37.757 -7
25.659 -10
35.463 -15
29.940 -12
25.759 -13
DVM6 (PID) 37.935 11 12 1.2%
33.378 -9
32.135 -14
35.403 -7
29.961 -7
35.785 -17
VHX-6000 3.766 -5 1 0.1%
DVM6 (SMC) - - 0 0%

analysis. The LuGre model is described by [21]

dz |v]

2y — ga 12
dt v O—Og(’U)z’ ( )
F =o09z4 012+ o9v, (13)

where v is the velocity between the two surfaces in contact,
z is the internal friction state, usually interpreted as the
average bristle deflection, and F' is the predicted friction
force. Compared with the Dahl model [22], the LuGre model
has a velocity-dependent function g(v) instead of a constant,
a parameter oo as the stiffness, an additional damping o4
associated with micro-displacement, and o9 related to the
memoryless velocity-dependent viscous friction. A reasonable
choice of g(v) for a good approximation of the Stribeck effect
is [23]

g(v) = F. + (Fy — F.)e™ /vl (14)
where Fj corresponds to the stiction force, and F. is the
Coulomb friction force. vs determines how quickly g(v)
approaches F..
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TABLE IV
SPEED TEST RESULTS FROM TILE SCAN

Case  Zoom FOV XxY Scan Area Co&)rgeipcal(')tnsmggijoc?se d
1 10x 1 (mm)x0.75 (mm) 10 (mm)x7.5 (mm) 98 (s) 51 (s)
11 5% 2 (mm)x 1.5 (mm) 20 (mm)x 15 (mm) 96 (s) 58 (s)
it 2% 5 (mm)x3.75 (mm) 50 (mm)x37.5 (mm) 100 (s) 67 (s)
v 293x 3.4 (mm)x2.5 (mm) 14 (mm)x 15 (mm) 31 (s) 37 (s)
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