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—Brief Paper—

A COMPARISON OF CONTROL ARCHITECTURES FOR ATOMIC
FORCE MICROSCOPES

J. A. Butterworth, L. Y. Pao, and D. Y. Abramovitch

ABSTRACT

We evaluate the performance of two control architectures applied to
atomic force microscopes (AFM). Feedback-only control is a natural solu-
tion and has been applied widely. Expanding on that, combining feedback
controllers with plant-injection feedforward filters has been shown to greatly
improve tracking performance in AFMs. Alternatively, performance can also
be improved by the use of a closed-loop-injection feedforward filter applied
to the reference input before it enters the feedback loop. In this paper, we
compare the plant-injection architecture with the closed-loop-injection archi-
tecture when used in controlling AFMs. In particular, we provide experimen-
tal results demonstrating the closed-loop-injection architecture yields better

tracking performance of a raster scan.
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I. INTRODUCTION

Several research groups have investigated im-
proving upon the performance of feedback-only AFM
control by combining it with a feedforward filter. In
this Brief Paper, which is a summary and extension of
a previous tutorial paper [1], we discuss two distinct
combined feedforward/feedback architectures that have
been developed and have recently appeared in the AFM
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literature: the plant-injection and closed-loop-injection
architectures.

When using the feedforward plant-injection
(FFPI) architecture, Fp in Fig. 1 is designed to perform
as the feedforward filter while Fy is set depending on
the type of controller used for Fp. Most often Fcy, is
the identity or a delay function in the FFPI architecture.
Some examples of applying the plant-injection archi-
tecture to AFMs in the literature include [2—-6]. When
using the feedforward closed-loop-injection (FFCLI)
architecture, Fp in Fig. 1 is set to zero and the feed-
forward filter F¢y, acts on the reference signal ahead of
the closed-loop system [1, 7-9].

This paper is organized as follows. More details
on the plant-injection and closed-loop-injection archi-
tectures are presented in Sections I and III, respectively.
In Section IV, we present experimental results compar-
ing the architectures as applied to the x-axis of an AFM.
These results show that the closed-loop-injection out-
performs the plant-injection architecture. We then draw
conclusions and discuss future work for further improv-
ing the control of AFMs in Section V. As a Brief Paper,
we will limit the feedforward discussion to include only
model-inverse methods. Using Ho, feedforward control
also yields results showing that FFCLI outperforms the
FFPI architecture for tracking control [1].

© 2009 John Wiley and Sons Asia Pte Ltd and Chinese Automatic Control Society



176 Asian Journal of Control, Vol. 11, No. 2, pp. 175-181, March 2009

K
Saturation Block
X, IZL »?_e;» C 2’4 / P X

Fig. 1. A single-input single-output (SISO) block diagram of an AFM’s
x-direction consisting of a feedback compensator C, a plant-in
jection feedforward controller Fp, and a closed-loop-injection
feedforward controller Fy. When using the closed-loop injec-
tion architecture, Fp is set to zero. In contrast, when using
the plant-injection architecture, F¢y, is set to the identity (or a
delay in the case of model-inverse control when the relative
degree of the plant is greater than zero). The saturation block
is representative of limitations of our actual system.

II. PLANT-INJECTION ARCHITECTURE

Recent work in AFMs has shown increases
in AFM performance when feedback controllers
are combined with a feedforward controller in the
plant-injection architecture [2-5, 10]. In general, this
architecture ensures stability through the feedback con-
troller C while the feedforward controller Fp further
increases tracking performance, disturbance rejection,
and robustness to model uncertainties.

Similar to work in [11], we examine the transfer
function from the desired input x; to the output x of the
FFPI system of Fig. 1. Ignoring the saturation block,
and assuming Fcy, is unity, the transfer function is

X(2) _ P@)Fp(2) + P(2)C(2)
Xa(2) |FFPI 1+ P(2)C(2)
It should be clear that if the feedforward filter
Fp(z) =0, then (1) reduces to the common expres-

sion for the dynamics of a feedback-only closed-loop
system,

(1

_ P)CQ©)
1+ P@R)CR)’

When Fp(z) is equal to the inverse of P(z), then (1)
becomes the identity and we are able to track any desired
input perfectly. Of course, this assumes a perfect inverse
of P(z) exists and is practically implementable, and we
will discuss this further in Subsection 2.1.

For convenience we drop the argument z, and de-
fine the plant dynamics P, the feedback controller C,
and the feedforward controller Fp as a ratio of polyno-
mials as in

Her(z) 2)

P=—, C=—, d Fp=—-. 3
1 o an P=F 3

The subscripts N and D indicate numerator or denom-
inator polynomials. A and B represent polynomials

defining the plant poles and zeros, respectively. Using
the definitions in (3), we can further reduce (2) and (1)
to

BCy

Heyp=———N_
L="ACp + BCy

“4)

and

X(2) _ BFpnCp + BCyFpp
Xqa(2) |FFPI Fpp(ACp + BCy)

Equation (5) provides us with an overall transfer func-
tion for the FFPI architecture regardless of the design
of Fp. Below, we design Fp using model-inverse tech-
niques.

&)

2.1 FFPI: Feedforward model-inverse control

Devasia and others have studied model-inverse
methods applied in the plant-injection architecture for
AFMs [2, 3, 6, 10], where C in Fig. 1 is some feedback
controller and Fp is set approximately equal to P! the
inverse of the plant model. Ideally, Fp is equal to P,
or even better, Fp is equal to P —1. However, often the
existence of nonminimum-phase zeros in the plant force
a stable approximate inverse to be used in place of the
exact inverse. In AFMs, the plant and hence model of
piezo scanners typically have nonminimum-phase ze-
ros due to the existence of non-collocated sensing and
actuation and flexible modes. Many control systems re-
searchers, working in a myriad of application areas,
have developed and used stable approximate inversions
in order to implement model-inverse based control on
nonminium-phase systems; this work has been applied
to both the plant-injection and closed-loop-injection ar-
chitectures [3, 11-15].

Various stable approximate model-inversion tech-
niques exist, but we focus on two simple and effec-
tive techniques: Tomizuka’s popular zero-phase-error
tracking controller (ZPETC) [14], and a cousin of the
ZPETC, the comparably named zero-magnitude-error
tracking controller (ZMETC) that has appeared in
[1, 11, 13, 15]. Ultimately, the proper choice of a stable
approximate model-inversion technique depends on the
system on which it will be applied and how the con-
troller will be implemented [16]. Generally, ZPETC
and ZMETC offer simple and usually effective meth-
ods for model-inverse control [11]. When compared
to ZPETC, ZMETC provides better performance re-
sults when applied to our AFM x-y stage, and as such
it will be the focus of the discussion of the model-
inversion technique for the duration of this paper. Later
in Subsection 4.1, we will discuss the importance of
magnitude tracking (rather than phase) for obtaining
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high quality AFM images. As a result, the use of the
zero-magnitude-error tracking controller is natural to
our overall goals.

To design a ZMETC stable approximate model in-
verse of a nonminimum-phase plant, write the model of
the plant dynamics as in (6), partitioning the polyno-
mial és containing the stable (invertible) zeros from the
polynomial B, containing the unstable (noninvertible)
Zeros:

B By@B.(2)

P(r)=—2 =2
A(2) A(z)

(6)
The polynomial A(z) contains all the poles of the model
of the plant. B, has the form

1

By(2) =bun?" + bu—n2" ' -4 bo (D

where 7 is the number of nonminimum-phase zeros. The
ZMETC technique then yields a stable approximation
of the inverse of the plant

- A(z

=Y
B, (2) B;(2)

where the ~ indicates an approximate inverse (as com-

pared to a A indicating the model of the plant), and
B (z) is

®)

B*(2) =buoz" + bz 4 - + bun. )

Note that the difference between (7) and (9) is the “flip-
ping” of the coefficients. It is this action which reflects
the unstable B, (z) about |z] =1 into the stable lA?;‘ (2)-
Setting Fp equal to P~!(z) and Fcy, equal to unity or
a delay block (discussed further below) in Fig. 1 would
constitute a model-inverse based control using the plant-
injection architecture.

If the relative degree r of P(z) is greater than
zero, the resulting P~1(z) will be noncausal. Additional
delay equal to r will have to be added in order for Fp
to be implementable in a causal way:

Fp= ﬁ_l(z) = ﬂ
B;(2) B} (2)

If r > 0, then the feedforward block F¢; should be
defined not as unity, but rather as a delay block equal
to z7". Setting Fcy =z~ changes the transfer function
in (1) to
X(2) _P@Fp()+z7"P()C(2)
Xa(2) |FFPI 1+ P(2)C(2)

If (a) there exist no nonminimum-phase zeros in
the plant, (b) the model exactly matches the plant

(10)

e

(13(2) = P(z2)), and (c) r =0, then the output of the
system exactly tracks the desired input x; and the feed-
back loop is not excited. If the first two conditions (a)
and (b) hold and r > 0, then the output of the system
exactly tracks the desired input x4 with a delay of r.
Returning to the discussion of FFPI, if we as-
sume a nonminimum-phase, perfectly known plant
(ﬁ(z) = P(z)) with relative degree r, we can apply the
above discussion on ZMETC and write (4) and (11) as

Bscr B B,C B
HCL= sCL uCL: ( K N)( u) (12)
Acr ACp + BsB,Cy
and
X(2) _ B,ACp + BSBMCNB;
Xq(@2) |ppp; 7 Bi(ACp + B;B,Cy)
AC B;B*C
2N ey 1)
Z"B¥B;Cy
Now, if we define
AC B;B*C
Y(z) = ACp + BsB,Cn (14)

ACp + BSBMCN’

we can rewrite (13) in the compact form of (15) that
will be valuable to us when we compare with the cor-
responding transfer function in the FFCLI architecture
in Section III.

X (2) g B
Xa(2) |FFPI B;

15)

It should be clear that if all plant zeros are minimum
phase, then (15) reduces to a delay block indicating
perfectly delayed tracking.

III. CLOSED-LOOP-INJECTION
ARCHITECTURE

When compared to plant-injection, the closed-
loop-injection’s superior ability to perform under the
presence of uncertainties in a disk drive application
[11] provides motivation for application to AFM con-
trol. The same feedforward techniques overviewed in
Section II are briefly discussed specifically for the
closed-loop-injection architecture below.

In this architecture, we set Fp in Fig. 1 equal to
zero and design F¢p accordingly. Ignoring the satura-
tion block, we can condense a FFCLI version of Fig. 1
into a transfer function from the desired input x; to the
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output x:

X(2)
Xa(@ | FFCLI

If we make the assumption that a stable inverse of Hcr,
exists, we can see that setting F¢y, equal to that stable
inverse would result in perfect tracking.

Further, the feedforward filter F; functions
ahead of the loop that is stabilized by the feedback
controller C. In this arrangement, we expect the feed-
back controller C to be continually excited. This is in
contrast to the plant-injection architecture where the
feedback loop is not activated unless modeling errors
or deficiencies in the approximate model inverse force
the feedback controller to be excited.

=HcrLFcr. (16)

3.1 FFCLI: Feedforward model-inverse control

The creation of a ZMETC model-inverse con-
troller for the closed-loop-injection architecture follows
very closely to the ZMETC procedure described in
Subsection 2.1 for plant-injection architectures. The
major difference is the use of ZMETC to create a stable
approximate model inverse of the closed-loop dynam-
ics (Hcr(z)) and setting Fcr in Fig. 1 equal to that
approximate inverse I:IEL1 (z). Following the technique
described in Subsection 2.1, and making the assump-
tion that the feedback controller C is stable, minimum
phase, and exactly proper, we obtain an approximate
stable inverse of H¢yr (2):

—r
Foo=Hg = ﬁ
BscL B::C L
2" (ACp + By B.Cy)

= < < a7
(BsCn)(B))

where (12) defines Acr and B¢ For minimum phase
C, B}, is equal to the same B;; from Subsection 2.1.
Because C is assumed to be exactly proper, the relative
degree r remains the same as before as well.

With C stable, minimum phase, and exactly
proper, and further assuming the nonminimum-phase
plant is known with certainty, we can use (12) and (17)
to rewrite (16):

X (z)
Xa () |FFCLI
_ (BsCn)By Z_r(ACD + BsB,Cn)
~ ACp + ByB,Cn (BsCn)(B)
_ B, (18)
B

Comparing (18) with (15) for the FFPI architecture, we
see one of the advantages of FFCLI over FFPIL. In (18),
the transfer function from x; to x reduces to a transfer
function with unity gain at all frequencies and possibly
some phase delay. This is in contrast to (15) of the plant-
injection architecture which also includes the term ‘Y'(z)
defined in (14). We will look more closely at the effect
of W(z) in Section IV.

Like the FFPI architecture, we can see that when
Hcy (z) is minimum-phase and the model P (z) is known
with certainty, (18) becomes unity or a delay block. In
this case, we can expect x to perfectly track x; (perhaps
with some delay).

IV. EXPERIMENTAL RESULTS AND
DISCUSSION

This section presents experimental results of a
comparison of the FFPI and FFCLI architectures. First,
we discuss a metric used to compare the results, then
we provide experimental data showing the performance
of each architecture. All laboratory work was per-
formed on the x direction of a nPoint NPXY100A x-y
piezoscanner stage, and controllers were implemented
on a Texas Instruments digital signal processor. Using
frequency response methods, we obtained a 4th-order
discrete-time model of the stage. The model includes
two nonminimum-phase zeros that challenge the per-
formance of control designs and limit the effectiveness
of the model-inverse based feedforward methods. The
relative degree r = 2, and the sample rate for this model
and all associated controllers is 25 kHz.

4.1 Performance metrics

When discussing the performance of the track-
ing of a raster scan in AFMs, it is important to re-
call the overall goal of AFMs: to create a quality
image in a timely manner. But this goal requires a
definition of a “quality image” when referring to an
x-y raster scan. Focusing on the x direction, an ideal
controller would cause the system output x(¢) to track
the desired raster pattern x4 (¢) flawlessly. This suggests
that a mean-square-error metric might be informative in
defining the performance of a controller. However, for
imaging, mean-square error might not give us the best
measurement. This is because phase lag in the raster
scan used for AFM imaging is not nearly as critical
as consistently tracking the magnitude. Ultimately, this
means that perfectly delayed tracking is better than
imperfect timely tracking if we know the delay well.
So, to identify that delay, we examine one period T of
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Fig. 2. Example of simulation results using PID feedback-only. Three

curves appear in the figure: the x4(¢) input, the x; (¢t — k*Ty)
used for the performance metrics Je; and Ji, and the x(t)
output.

the raster scan after a time #,, after which all transients
(from initial conditions for example) have died out, and
define the integer variable k* as

tss+T
k* = argmkin/ (xq(t—kT)—x(1)*dr.  (19)
13

ss

Here, k is also an integer and is defined on [0, %] where
Ty =40 psec is the controller sample period. k* is de-
fined to be an integer as it represents actual implemen-
tation in a digital controller. Specifically, k* reflects the
phase lag in the system or in other words, the discrete
delay. We can then use this information to define two
metrics that disregard the phase lag in the system and
emphasizes magnitude tracking:

tos+T
Jor = f (xa(t — kK*Ty) — x(1))* de (20)
t

55

Jne= max  (xg(t —k*Ty) —x(0)> (1)

t€lts tss+T)

For further clarification, we provide Fig. 2 which is
an example simulation of a 100 Hz raster scan input
into a PID feedback-only control loop. We have chosen
a simple PID feedback-only simulation as an example
for its clear delineation of each line. We see the actual
100 Hz raster scan input x4(¢) in solid black, and the
shifted 100 Hz input x4 (r —k* T}) in dashed black. From
Fig. 2, it is clear that the PID feedback-only controller
lacks the bandwidth to be able to track the 100 Hz raster
scan. Images created while using this raster scan would
be highly distorted at the edges.

4.2 Experimental results

In Fig. 3, we provide experimental results compar-
ing the FFPI and FFCLI architectures. In this compar-
ison, the exact same Sth-order H, feedback controller
C is used for both experiments. Although neither is per-
fect, the reader should notice the FFCLI architecture’s
ability to track the supplied 99.2 Hz raster pattern better
than the FFPI architecture. Specifically, the FFPI archi-
tecture overshoots the corners of the raster pattern. In
contrast, the FFCLI architecture tracks the corners and
the rest of the pattern with J,; and J,,; metrics an order
of magnitude less than those of FFPI.

The overshoot associated with the plant-injection
architecture can be understood by looking at the fre-
quency response of the transfer function W for this par-
ticular case. In Fig. 4, we notice the variation of the

z "By

magnitude and phase. This in contrast to the factor ==

which would have unity magnitude for all frequenciles
and phase loss due to delay. In particular, the magnitude
of W at 99.2 Hz (the raster frequency) in Fig. 4 is 1.24
(1.86 dB) which is in the neighborhood of the overshoot
magnitude shown in Fig. 3(a). From this plot, we can
see that under these conditions, the FFCLI architecture
will always outperform FFPI except at low frequencies
(which are trivial) and in simulation at very high fre-
quencies. The high-frequency rasters are not realistic
for hardware comparisons because of many problems
including low signal-to-noise ratio, signal saturation, vi-
brations inherent to the piezos and more.

V. CONCLUSIONS AND FUTURE WORK

We have compared two control architectures and
have shown in detailed simulation studies [1] and here
in hardware experiments that when using the exact same
feedback controller, the closed-loop-injection architec-
ture leads to more precise tracking of a raster scan than
the plant-injection architecture. Beyond performance,
FFCLI has some advantages over the FFPI architecture.
Specifically in Subsection 3.1, we show that when us-
ing model-inverse control, the dynamics of the overall
FFCLI SISO transfer function from the desired output
(reference x;) to the actual output (x) can reduce to a
delay block and filter of order much lower than that of
the original plant. Further, when Fp is not a perfect in-
verse of the true plant, the closed-loop dynamics can
be excited in such a way that limit the performance of
the overall system. Finally, in many systems, system
identification can only be done (or is best done) in
closed-loop which indicates the closed-loop-injection
architecture as a natural choice.
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Fig. 3. Experimental results for (a) ZMETC plant-injection feedforward and (b) ZMETC closed-loop-injection feedforward control when given a
99.2 Hz raster pattern. Three curves appear in each figure: the x4(¢) input, the x;(r — k*Ty) used for the performance metrics Jo, and
Jme, and the x(¢) output. The metric values for each experiment are provided in the corresponding sub-captions.

Magnitude (dB)

10?
Frequency (Hz)

Fig. 4. The frequency response of the transfer function W(z) in (14)
which is the factor that differentiates the two overall transfer
functions for each architecture (equations (15) and (18)). This
plot was created using the model for the plant P and the
feedback controller C.

There is one key disadvantage to the FFCLI sys-
tem. Specifically, Fcr can become a rather high-order
filter in order to capture all the necessary inverse dy-
namics of the closed-loop system. This can be a prob-
lem for implementation, not only due to the high order,
but also due to the numeric sensitivity that may result
with such a high order.

Advanced control of AFMs is a growing area and
there is much more work to be done and many areas to

be explored. Our future work will include refinement
of our system identification techniques and a thorough
investigation of how one might jointly design the feed-
forward and feedback compensators.
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