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Sliding mode control for active vibration isolation of a long range scanning
tunneling microscope
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An active vibration isolatioffAVI) system has been designed and implemented for the Molecular
Measuring MachingM?) at the National Institute of Standards and Technol@gyST). NIST is
investigating active vibration isolation as an approach to improving tRémdge resolution and
measurement speed. This article presents the full dynamic model of the AVI system with the
Mallock suspension used for the 3Msystem suspension. A decoupling process is employed to
decompose the complicate dynamics into separate axis. This article then applied a sliding mode
controller (SMC) to overcome the system nonlinearities. Experimental results show that the
controller is effective, achieving a vibration attenuation of 10 dB at some frequencies, depending on
the axis. ©2004 American Institute of PhysicfDOI: 10.1063/1.1807005

I. INTRODUCTION ticle presents the standat@MC) control, considering the
system parameter uncertainties and exogenous disturbances.

The Molecular Measuring Machir@®13) at the National  We also use the Lyapunov function to verify the stability of

Institute of Standards and Technolo@¥IST) is an instru- the controller. SMC offers a high degree of robustness

ment for measuring feature coordinate in two dimensionsagainst model uncertainty; therefore it is the most suitable

designed to achieve subnanometer resolution over a 50 mfor dealing with the nonlinearities and the unmodeled dy-

X 50 mm area. Three are many challenging engineering comamics in the system. Furthermore, the simulation shows that

sideration for such an instrument, including those dealinghe SMC provides good performance near 100 Hz. The ex-

with isolation from environmental noise sources. To limit perimental results show that the controller achieves a 5 dB to

vibration noise from external sources, the’ Mses a two- 10 dB vibration attenuation in the desired bandwidth.

stage, passive vibration isolation support sys{ém. This article is divided into seven major sections. Section
Now to improve the system performance, NIST has in-Il describes mechanical arrangement of the Mallock suspen-

stalled six degree-of-freedom active vibration isolatiékl)  sion system in M. Section Ill presents the system identifi-

system® The AVI system in M uses five piezoelectric actua- cation process. Section IV describes the controller design

tors (PZT) as the lateral-constraint links in a Mallock sus- and the stability analysis. Section V presents the simulation

pension system, and a sixth piezo actuator to control theesults. Section VI presents the experimental implementa-

vertical movement. Although there are many articles regardtion.

ing vibration isolation in the literatur&? the NIST system

requires extrgmely high performance. The !evel of dlstur-”' THE M3 ACTIVE VIBRATION ISOLATION SYSTEM

bance transmitted from ground to the measuring system must

be attenuated below a nanometer. Also, the highly nonlinear The Molecular Measuring Machine uses a Mallock sus-

Mallock suspension system identification and the subsequepension system for vibration isolation. The Mallock system

controller design very challenging. contains an inner and an outer supporting shell linked by six
This article develops and describes the implementatiomods and one spring as shown in Fig? Eigure 2 shows a

of a controller for the AVI system. First, a mathematical photograph of the inner and outer shells.

model is derived by using a spring-damper model. Then, a The first, second, and third rod are oriented in the

decoupling procedure is used to reduce the coupling terms idirection and are parallel to each oth@gee Fig. 3 The

the transfer function matrix. The system decoupling is veryfourth and fifth rod are oriented in the direction, and the

helpful in reducing the system complexity so that real-timesixth rod and the suspension spring are parallel to each other

control is realizable. A six-by-six Multiple-Input-Multiple- and oriented in the (vertical) direction. Therefore the first,

Output(MIMO) system can be reduced to six Single-Input-second, and third rod control the movement in thdirec-

Single-Output(SISO systems. Next, a system identification tion; the fourth and fifth rod control thg direction move-

of the Mallock suspension is developed, using curve fittingment; and the direction position is determined by the sixth

on the diagonalized system. The inner Mallock shell itself isrod. The suspension spring is connected to a point which is

treated as a rigid body. The model serves as the basis for thwrizontally offset from the center-of-mass axis; the resulting

design of a robust Sliding Mode Controll€8MC). This ar-  torque moment preloads the suspension rods in slight com-

0034-6748/2004/75(11)/4367/7/$22.00 4367 © 2004 American Institute of Physics
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FIG. 3. Mallock suspension system. Pei representstthactuator and L is

) ) the actuator length. The cube represents the Mallock inner shell.
FIG. 1. A diagram for the Mallock suspensin system of. Mctuators are

labeled by number and interconnect the Mallock inner and outer shell. Sus-

pension spring in S and supports the Mallock inner shell. TRerdasure- 6

ments system is placed inside the inner shell, which is not shown in the _ T T T

figure. EF—ElR F,+R'Fg+R'mg,
=

3
pression. Additional spring preloads are used in parallel with 6
each actuator to increase the coupling stiffness and the ro- M :2 Di X R'Fj + Ds X R'F,
bustness of the suspensﬁ)ﬂihe first, second, and third rods =1
mainly determine the yaw and pitch orientation; the fourthwhereD; andDg are the displacement vector from the center
and fifth rods determine the roll orientatigaboutx). Be-  of gravity (cg) of the body to theith piezoelectric linkage
cause the rods are not orthogonal to each other, the Mallocknd the sping and point, respectivelfy.is the force vector
suspension system has serious cross-axis coupling. generated by each roHy is the force vector generated by the

Cross coupling is unavoidable in any parallel-linkage suspension springng is the gravitational force, andl is the

suspension system, including the more familiar Stewartotation matrix. The superscrifitmeans the matrix transfor-
platform® Still, these systems are widely used because thegnation. We modeF; as a spring and a damper, as shown in
are in principle stiffer than sequentially stacked systems witteq. (4),

comparable degrees of freedom. Fi=-K, A%~ CiAkg (=1,....8, ()

where the vectoK; is the spring constant of the Viton rub-
ber pads in earth coordinates for channethe C,; is the
Ill. SYSTEM MODELING AND IDENTIFICATION damping constant of the Viton rubber pads for chamnék;

For system modeling, we use the nomenclature and cdS the extension length of spririgandAx.; is the extension
ordinate system defined in Fig. 3. Applying the Newton—rate of spring. The value of the vectdK ; was described in

Euler equation to the Mallock inner shell, we have above section. The\x,; means the displacement from the
end of the PZT to the jointed point on the Mallock inner
> F=mv, +wp X mvy, (1)  shell, which can be expressed as
Axei:pi_psi (izl,...,a, (5)
DM =W+ Wy X Iwp, (2)  wherepy; is the location at one end of the PZT for channel

_ _ ) p. is the mass of the Mallock inner shell, apds the jointed
wherevy, is the velocity vector andv, is the body angular  point on the Mallock inner shell, shown in Fig. 4,
rate. The mass of Mallock inner shell ig, and | is the

moment of inertia matrixxF is the net force vector on inner Psi= Pei t Rpilji “(L+u), (6)

?g)ell and=M represents the net moment vector shown in Eq'vvhereL]i is initial unit vector pointing fromp,; to pg; in body

coordinatesL is the original length of the PZT, and is the
deflection of PZTi due to the applied voltage. If the initial

Mallock inner shell
Mallock outer shell

FIG. 4. The schematic diagram of tite PZT and Viton rubber system. The
FIG. 2. The Mallock inner and outer shell photograph. Viton rubber is simulated as a spring and a damper.
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status for each rod is horizontal for channels 1-5 and vertical | Y,(s) G11(S)  Gia9) || Us(9)
for channel 6, theJ; can be described as follows: [Yz(s)} - {621(5) GoAs) } [Uz(s) } (10
[1 0 o 00=1,23 If one transforms the system by pre and postmultiplying by a
Gi={[0 1 o 0,=4,5 @) diagonalization matrix, the system becomes
0 o 14"  0=6 [E(s)]_[a bMGll(s) Glz(s)][e f]
where the superscript T means the matrix transformation. A | Y,(s) “le-d][Gu® Gu9 llg-h
linearized system is used in the controller design. We define —
the system states as « [31(3) ] ’ (1)
6 v wil" ® Vs
wherex, is the displacement of inner shell in the earth coor-’ o - o o
dinate frame. The state space form of the system becomes [11(5)] _ [511(5) ElZ(S) ] [El(s) ] | 12
Xo= RVp, Ya(s) Goi(s)  Gayfs) JLUa(s)

wherea,b,c,d,e,f,g andh are positive constants to be de-
'ge: T’Wb, termined such that the determinant of diagonalized matrix is
9) not zero. We determine these constants by maximizing the
1 diagonal terms(Gy;,G,,) and minimizing the off diagonal
Vb:az F, terms (G1,,G,;). BecauseGij(jw) is a transfer function,
which means it is a complex value and frequency-dependent,
Wy =113 M it is impossible to find a constant diagonalized matrix to
b ’ reduce the coupling effect for all of the frequency range.
Therefore, the experiment only minimizes the coupling effect
near the operating frequenoy,. We chose a frequenay,
(100-200 Hz to minimize the off-diagonal terms. The solu-
Ction is shown in Eq(13),

where R is linearized rotation matrix and is linearized
rotation-rate matrixg, is the Euler angle.

System diagonalizatiorfo simplify the implementation
of the controller, we diagonalize the system. As a heuristi
example, consider a two-input-two-output system. Given a a=c=1/(1+q), b=d=1-a,
transfer function,G;;(s), and the Laplace transform of the
inputs, U;(s), the outputs are the product, e=xf=1(1+p), g=h=1-¢, (13

G14(jwg)Goq(j

p= \/ % |cos £ Gy1(jwo)Gaa(jwo) = £ Gaal(jWo) Gl jWo))|, (14)
G11(jwg)Goq(j

q= \/ % |cos( £ G11(jWo)Gar(jWo) = £ GapljWo)Gas(jWo))|. (15

We chose the frequency, at the peak value of the off- sponse is measured at all six accelerometer sensors. In con-
diagonal termg(G;;,Gj). After diagonalization, the magni- trast, Fig. 6 shows the Bode diagram of the diagonalized

tude of the off-diagonal terméG; a_) nearw, will be re- system. One easily observes from Fig. 5 that there are serious
ijr i

duced. We diagonalize channels one, two, and three acsoupling effects, especially between tie 2) and the(2, 1)

channelsX, 0, and ; and we convert channels four and five znglnez:r:r?t?iebse?rl:/i?n tgé’O? tir;d(g?ﬁ:r) Egg&esér-le-hj nt?) nglo 4B
to channelsy and ¢. Channel 6 remains the same, but its 9 g5 ' P

ion is ch q h | Thi : ; q smaller than the diagonal entries. The curve-fit models we
hotation is changed to channél This process is performe generated for the diagonal terms in the resulting system are

on the actual system to obtain a diagonal system transfelyoyn in Fig. 7 as the solid lines. The dashed lines are the
function. it is important to note that the solution only mini- frequency response of the real system as taken by a fre-
mizes the off-diagonal terms nea. quency analyzer. Because the signal to noise ratio of sub-
Figure 5 is the Bode diagram or frequency response oéystemsX andY at low frequency range is small, the data at
the original system as measured by a frequency analyzethat region cannot be trusted. However the input signal rep-
Each piezo actuator is driven in turn, and for each, the refesents a position actuator atiek output signal is the accel-
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Frequency (Mz)

m“oml.E.Oﬂalmoa'mo@mmo.ma-
{ap) epmyuBey

- ~ “® < w ©

(16)

(A+AA)X(t) + (B+ AB)u(t) + f(t),

y(t) = (C+AC)X(M) +o(t),

tive matrix uncertainty components. Choose the sliding sur-

wherex(t) e R" and u(t) € ;R! are the state and the control
input variables respectively(t) € :t* is the measured sys-

the

RSB SR°8"

represent

range should

low frequency

the
After diagonalizing the system, we need only considertem output, f(t) e R" is the exogenous disturbance, and

the diagonal terms. Consider the time-invariant, linearp(t) € %' is the sensor nois&, B, andC, denote the nominal

FIG. 5. Frequency responsaccelerometer over piezo drivef the original system. Rows are piezo drive axes; columns are accelerometer axes.
continuous-time, SISO system with uncertainties and exoger known system matrices, atA, AB, AC are the respec-

erometer signal. Therefore, the slope of magnitude response (t)

40 dB/decade characteristics.
IV. CONTROLLER DESIGN
enous disturbances,

at

unln

SRo°R-FR
(@p) opryuben

-

Frequency (Hz)

FIG. 6. Frequency responsaccelerometer over piezo drivef the diagonalized system. Rows are piezo drive axes; columns are accelerometer axes.
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E H
80
:-m, Ll - states will converge to the sliding manifold, we need to
10 10 check for stability. We choose the Lyapunov function to be
Frequency (Hz)
0 2 V(1) = 0.58(t)s(t). (19
= 10 o One can find the time derivative of the Lyapunov function to
b / be
: o .................. .
S 0 r."/ - V(t) = s(t) TAAAX(t) - AAB(AB)*AAX(t) — A(B
-!- . .
25 v + AB)a|x(t)|sign(s(t)) — A(B + AB) ¢ sign(s(t))
= 180 N +Af(D)], (20)
]
® .
z % V(t) = s(t)TAIAA - AB(AB)*AAX(t) - A(B
Y [ ] SRS
. + AB)alx(t]|s(t)] - A(B+AB)SIs(t)] + sOTAL(Y).
80
;:' i H : (21)
180 L ) 10l - :
0 requency Hz) 1% erequency (Hz) If  the  conditions A|AA-AB(AB)*AAX(t) <A(B
) v +AB)ax(t)| and A(B+AB)5> Af(t) are true, the condition
_ % 40 I\ o V(t) <0 is true. The state will converge to a sliding surface.
@ 40 N 1 30 0 hN The constanta can accommodate parameter uncertainties
S % i 200 AN i N : (AA,AB) and 6 can handle the disturbandét). Using this
22 1 | 10 [ controller, a smalkr is sufficient to overcome small param-
ol Hi '12" ; ; eter uncertainties. Once the state is on the sliding manifold,
10' 10> 10' 10° the dynamics depend on the vectbor One can use the opti-
~180 mal control technique to choose a suitable value of ved&tor
> i ,, AssumingAB is zero, one can convert the nominal system
=% lig 1 into a system with a statgt)=[z,(t) z(t)],
e o ] N .
E - -}'; T N e T SRR § (1) = Apzy(t) + Apozo(t),
s 10° RS 10° Z(t) = Apza(t) + Agpzo(t) + u(t),
Frequency (Hz) Frequency (Hz)

wherez,(t) e R" ! and z,(t) € R! are the system states, and
FIG. 7. System identification comparison between curve fit model and reafq; € RTXD AL e R(N-1)x1, Ay e R and A,,
system for the diagonalized syteis the frequency response of the diag- < 931X gre system matrices. It is now possible to choose a

onal entries from actuatof to accelerometer X; Y is frequency response of L: 4; — +
the diagonal entries from actuator Y to accelerom&ter sliding surface of the forn$(H Kzl(t) ZZ(t)’ and
A=[K 1]. (23)

faces(t) e ;R! and the control effort as in Eqél7) and(18), After the state converges to the sliding manifold, the state
will stay on the manifold, i.e.,
s(t) = Ax(®), (17) /

st)= 00 2,(t) = - Kz(t). (24)
u(t) = = (AB)"AALD) ~ [afx(t)] + dlsign(s(t)) a,6>0, Choose the following criteriof::
(18)

where |x(t)| == ,|x,| € %! is the sum of absolute value of J() :f [22(07Qz(1) + z,() "Rz (t)Jdt (25
each state. The row vectdre ! *" determines the dynamic 0

trajectory of the states on the sliding manifoldand 6§ are  to be minimized, wherdk and Q are positive definite and
adjustable constants. In order to check whether or not thpositive semidefinite matrices to be determined by choosing
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AV ] i 2
ive i Ex) 10° 10' 1
on the relative importance of the statgst) ano_l the states . ) . )
Z,(t). The row vectoiK can be selected by solving the Alge-
braic Riccati EquatiofARE). FIG. 11. Noise transmissibility with and without SMC.
V. SIMULATION RESULTS There is a good attenuation in the 100 Hz to 200 Hz range.

. o There is also a little bit more high-frequency content caused
The simulation is based on the complete system modeby chattering.

The controller design, however, is based on the linearized
model. Figure 8 is the simulation setup for the SMC control
system. This simulation was done in SimuIiJr‘?k(Commer- V1. EXPERIMENTAL RESULT

cial equipment and materials are identified in order to ad- The SMC controller has been applied to the physical
equately specify certain procedures. In no case does sughallock suspension system. The noise transmissibility with
identification imply recommendation or endorsement by theand without the SMC is shown in Fig. 11. The control system
National Institute of Standards and Technology, nor does ifichieves better noise attenuation response in the low fre-
imply that the materials or equipment identified are necessaguency region for actuator¥ and Y (100 Hz to 200 Hz

ily the best available for the purpogelhe controller also  One observes very small magnitudes of actuaxoamdY at
includes a state estimator. The simulation includes the effecte low frequency. Therefore, the signal to noise ratio is also
of the digital signal processaqiDSP) implementation. The very small. The measurement data in that region is not eli-
quantizer and saturation limits simulate the ADC; the saturagple. One also observes more high frequency n@beve

tion and Zero-Order-HoldZOH) simulate the DAC device. 250 Hz due to the chattering phenomena. Figure 12 shows
Figure 9 is the structure of the SMC with piecewise linearthe actual attenuation effects when sinusoidal disturbances
discontinuous control, which is implemented by E@8).  are injected into each channel. The controller is turned on at
The equilibrium control coefficient matrix is(AB)™AA. To g delayed time to inspect the control effect. One clearly ob-
optimize the performance, one starts by tuning the observejerves the attenuation effects in channelg, z, and. The
parameter for the best estimation, and then one tunes thg and ¢ directions are not shown because the improvements
SMC parameters with the real system states in simulationare not significant.

The part are then combined to examine the overall system  Figure 13 shows acquired SPM images with an injected
performance. fixed sine disturbance. It is clear that the disturbance signal

Figure 10 is the power spectrum comparison with anthas introduced as alias fluctuation in the profile. With the
without the SMC controller for the-axis Accelerometer.

X Y
» X axis acceleration power spectrum : i it chidi
¥ R T N <
H R H ‘w4 ")
HY i € 2 € 05
" Eo E .
iy Rt 2z g 5 :
il 10 I B a1 | | L : o . : '"E
g g: g 01 02 03 04 05 01 02 03 04 05
E z v
% 25 !
= "g 4
K E 1.5
2 -2
420 ® a5 :
— with SMC 2 HI - H
== without SMC = 0.050.10150820.250.30.3504 02 044 08 08
10' 10 S) conveteron 2 (S) cercmticron
Frequency (H2)

FIG. 12. Acceleration signals are shown for fixed-frequency sine wave dis-
FIG. 10. Power spectrum of x-axis acceleration with an without SMC con-turbances. The controller is off in the beginning and then is turned on after
troller. a certain time.
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rorcens " emphasis on enhancing the signal-to-noise ratio of the sensor

30 measurement. The goal is for the’ystem to achieve sub-

70 angstrom measurement.
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