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Abstract: This paper presents design of an advanced digital contrthadeand implementation on an embedded control platform
for precision tracking of piezo-actuated systems. The@ed control method consisting of neural control and répettontrol aims

to achieve good performance for repetitive tracking tasidsrabustness for uncertain parameters change. A FPGA lemskedded
controller, CompactRIO, is applied to realize such a cocapiid control algorithm under LabVIEW programming envinamt. With
careful consideration of implementation issues involvedhie controller design process, the experimental reseltsodstrate the
effectiveness of the method and verify the feasibility ahgembedded hardware for advanced controls implementatio
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1 Introduction floating point control platforms213,14,15 has been
presented, to further improve the sys-tem performance

In recent years, piezo-actuated systems have been Wideg;glicrobustness subject to a variety of industrial

accepted as a useful technology followed by prompt ations. As recognized in the available literature,
development of materials and manufacturing processedNSt studies aim to emphasize the effectiveness of the
Various commercial products exist in diverse engineeringpro'm.)sed cqntrpl algorlthms, but seldom discuss its
applications including micro/nano positioning stagék [ practical realization for optimal system performance.
ultra-precision machine tooP] and measurement devices  Since most low cost embedded system plat-forms use
[3,4] adaptive structuress[6] biomedical and consumer fixed point microprocessors as CPU, the main concern
electronics 7] and so on. then comes from the fixed pointed arithmetical errors and
systems using embedded hardware such as Digital SigndlnPlementation, together with an increased burden on
Processor (DSP) and Field Pro-grammable Gate Arraytreamlining the code and not sacrificing much
(FPGA) is a very popular solution to compact the performance. Thgrefore, it is better to consider thgse
real-time system design and optimize the maximumhardware constraints starting frqm the control design
economic profits with less maintenance difficulties. ForStage, so as to make appropriate trade-offs between
(PID) control has been extensively applied as a quick  To fully exploit the potential and benefits of advanced
servo algorithm 3,4,8,9,10,11,12] for controls for piezo-actuated systems using embedded
hardware-in-the-loop testing, due to its simplicity and controller, this study proposes a hybrid neural-repetitiv
easy implementation. However, one vital drawback ofcontrol method and investigates its implementation issues
PID control is its limited ability to deal with nonlinearity on a FPGA based embedded system platform. In the
and uncertainty commonly existed in piezo-actuatedfollowing the applied embedded control platform is first
systems. For this reason a great number of advanceillustrated. The design and realization issues of the lalybri
control methods and experimental results based orcontrol are then discussed. Finally, repetitive tracking
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experi-ments performed on a piezoelectric actuator
sys-tem reveal the effectiveness of the proposed method
and its feasibility using embedded hardware.

Sensor
Amplifier

2 FPGA-Based Embedded Control Platform

This study applied an embedded and programmable
controller CompactRIO from National Instruments to
investigate the advantages and issues occurred in
implementing advanced digital controls. To exploit the
practical merits by using embedded hardware, a fast Piezomechanik
piezoelectric actuator control system is se-lected as thﬁ Piezo-actuator Piezo-actuator
experimental apparatus for controller performance LEower Amplifier With strain Gage
evaluation. As shown in Figurd, the CompactRIO
controller comprises four main parts, including a
real-time module, a FPGA module, a NI 9215 A/D
module and a NI 9263 D/A module. The real-time
module is used to store data and communicate with the
FPGA module, a reconfigurable FPGA based operating
environment with a maximum processing rate up to 40

MHz. The control algorithm is calculated at the FPGA

side using LabVIEW language. The control signal is sent  » +
to a piezo-driven actuator system (Piezomechanik Pst
150/5/20 VS10) and the sensor signal from a stain gauge
amplifier is fed back to the FPGA module, constituting a
feedback control system. FiguBeshows the photograph

of the experimental apparatus applied in this study.

Fig. 2: Photograph of the experimental setup.

Fig. 3: Block diagram of the proposed advanced control for piezo

tracking control.
) (2) (©)] (O]

Real-Time | ™| FPGA .| NI9263 Piezo Driver
Module || Module D/A PD-1200
T l control method im-plemented using a FPGA based
= — embedded control platform. Besides the existing neural
Nio2ts || pmsor | | ettt controllers, a repetitive controller is added to improve th
A/D Sensor Amplifier . N . . . . .
With Strain Gage periodic tracking control performance as explained in the
) ©) ®) following section.
Fig. 1: Schematic diagram of an embedded control platform for .
a piezo-actuated system. 3.1 Control Design

Figure 3 illustrates the control block diagram of the
proposed hybrid neural-repetitive control for piezo
tracking applications.
3 Adcanced Digital Control via Hybrid N mgure 3. G and G represent two diferent
I controllers with control inputsi; andu,, respective
Neural-Repetitive Control is the plant model ofG, vF\)/hich can be obliained ﬁsing
standard system modeling and identification techniques.

A great number of works _has been conducted forThe transfer function from referenceo tracking errore
precision tracking control of piezo-actuated systems. Theis presented as follows:

main challenge here is achieving desired tracking
performance subject to the dominant hysteresis effect and 1-G6G,
uncertain parameters change. As widely known, neural e= 1760 r. (1)
control is an effective method which can deal with N 1

nonlinear and uncertain systems. To attain high  With the assumption th& ~ G, the magnitude of the
performance and robustness of piezo tracking control asensitivity function for reference tracking is further
the same time this study presents an advanced digitaleduced by introducing this control architecture.
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Fig. 4. System identification based on embedded control platfoomptot: injected input and output responses; bottom plaicieh
validation result.

In this paperC; is selected as a radial basis function when the system input contains some specific internal
(RBF) based neural network adaptive controller. ThemodelsD, which is usually known a priori. For example,
control goal of this controller is to stabilize the system aswe may know the periodic components in the applied
a performance baseline. To further improve the controltracking profile for precise positioning applications. Now
performance, another neural controllés containing a let
repetitive controller for periodic errors cancel-latiog i
added. The design o€, is based on the technique
mentioned in 16].

In this section we will illustrate how to construct a
neural-repetitive controller using the idea of feedforvar
control with internal model constraints. Consider the cas
of using controlleC, alone, equationl) then becomes

1— GG, =RD, (3)

whereR is a part of the controlle€, and needs to be
designed. The above equation is recognized as the famous
SBezout Identity”[18] with the assumption thas and D

are coprime. This equation has infinite solutions and one
. way to represent these multiple solutions is using Youla
e=(1-GGyr. (2)  parameterization techniquég]. Given a pair of nominal
solution (R.,C;), we can express the solutions of

The original feedback control problem has beenequation 8) asR= R — GQandC, = C, + DQ, whereQ
transformed to a_feedfqrvyafd control pFOb'em anq theis a free design para-meter. Consci:éer the performance
control goal here is to minimize the tracking error with a index with 2-norm measure:
cost function = (1— GC,). The simplest solution to this '
control problem is to find a stable plant inverse®f17]. R
In practical applications we are interested in the case J=||(R —GQ)D|l. 4)
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Fig. 5: Repetitive control tracking results: comparison of usil@lased and FPGA based controllers.

Then the control goal of the neural control@r is to Consider a single input, single output (SISO) plant
minimize J and satisfy the deterministic constraint model G and factorizeG into two partsG = GyGj, in
described by the internal mod8& simultaneously. The which G, is minimum phase an@; is non-minimum
selection of the internal model depends on the inputphase, respectively. Suppose
signals we are dealing with. In this work the input signal
is a periodic one for tracking control, €0 is chosen as
D =1-zN, whereN is the period of the deterministic

periodic signal. With above assumptions, we can ~ B BB _
represent this constrained optimization problem as G:;: A = GiGo, )
Bt
: R G Go=—4 G=B,
Jmin_ [|(R—~GQDll, (5)
D=1-z N

whereA andB represent the denominator and numerator
whereRH® is a set of stable rational transfer functions. To 0f G, B* andB~ denote the stable and unstable partB,of
minimizeJ and updat€) adaptively, a RBF neural network respectively. Substituting equatiof) (into equation 8),
algorithm [L9] is applied in this paper. one can obtain
To solve the Bezout identity equatioB)(and update
the adaptive neural controlle€), this work adopted the
method using a zero-phase-error-tracking type

feedforward formula 17]. The procedure for obtaining RD+CyGi =1 @)
this particular solution is briefly listed as follows. C, = C,G,.
(© 2015 NSP
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From the plant inversion idea presented irv][one

H f . . R Input; 10Hz Sine W
solution pair (R,C5) to solve equation?) is given as nput S e Wave

follows: ——FPGA based (Bhits)
— — FPGA based (Thits)
1 - —— FPGA based (8bits)
R = PC hased
1-(1-yG{G)az N
G, — yGrqz N (8)
2 = ) N
1-(1-yG/Gi)az-
2 o 05
C2 =GG, T,

wherey is a learning parameter for performance tuning,
G+ (z'1) = Gi(2), andq(z,z 1) is a zero phase low pass
filter to suppress the instability caused by the high gain
feedback at undesired frequency ranges. Thiditer is
embedded within the internal model
D =1-q(zz 1)z N. Althoughq is a discrete non-causal
filter, the causality condition still holds in equatio8) (
because of the long term delay cascaded wijthFor a
detailed parameter analysis of the controller, one may
refer to [L6].

Tracking Error gam)
=S =

3.2 Implementation Issues S Timels)

Just like many embedded controllers, CompactRIO is a_ ] N ]
fixed point based control platform which involves issues Fig. 6: Steady state tracking error of repetitive control by using
such as “guantization error” and “finite word length an embedded control platform: finite word length effects.
error” in real implementation. All these inevitable errors
may deteriorate the control performance and even system
stability if not carefully addressed. Therefore, saving as
many logic gates in FPGA as possible to optimize the
static and dynamic arithmetical range and avoid overflow,
or equivalently “program optimiza-tion”, is an important The neurons¢ applied in the neural controller are
design step especially when using complicated servd>aussian functions and can be represented as:
control algorithms or high sampling rates for fast I P2
dynamic systems. o _|x=c

As mentioned in the previous section, this study ol c||)_exp{ 20? ]’ ©
applied an advanced control consisting of an adaptive -
neural controller and a repetitive controller. When usingV1erec ando denote the center and standard deviation of
an embedded control platform such as CompactRIO, eacH!€ Gaussian function, respectively. It is not difficult to
control action needs extra design efforts for successfu|r‘np!ement thg—:n.aboye nqnlmear func_t|on ar]d achieve
implementation. To make these ideas clear, some issued€Sired precision if using a floating point based

regarding the proposed controller implementation can bdhicroprocessor. For fixed point based microprocessors
summarized as follows: the approximation of this exponential function can be

made by using a finite Taylor series expansion:

3.2.2 Realization of the neural network controller

3.2.1 Model and controller ord s X
odel and controller order exp(x) = Z}W. (10)
k=0 "

If the control law is designed using a model based design

method such as repetitive control, a low order plant model  To reduce the computational burden this study applied
is preferred. High order mathematical models usuallya second ordefN = 2) approximation to implement the
need high order controllers for successful control designneurons in the neural controller. Moreover, the applied
Reduction of controller order is one way to deal with this RBF network consists of an input layer, one hidden layer
problem but may introduce more undesired errors. Forand output. The hidden layer has two neurons, meaning
this reason the model of the piezo-actuated system in thisnly two sets of neuron parameters need to be
study is identified based on a system identificationdetermined. For simplicity, the values ofand o of the
technique and fitted to a third order control system. radial functiong are fixed.
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Tracking a 10 Hz sine wave
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Fig. 8: Experimental results of tracking ai#m, 10 Hz sinusoidal input; top plot: time response in 1 secbottom plot: zoom in; blue
line: RC (Cy); red line: RC/NN C,); green line: NN C;) + RC (Cy); black line: NN C1) + RC/NN (Cy).

3.2.3 Realization of the repetitive controller 4 Implementation on a Piezo-Actuated
System

To demonstrate the effectiveness and investigate the
implementation issues of the proposed advanced control
on the embedded control platform, trajectory tracking
experiments were performed by giving au, 10 Hz
From the perspective of signal processing, the repetitivesinusoidal reference input to the piezo-actuated system as
control shown in equation8] basically comprises three described in Section 2. For a high bandwidth piezoelectric
components: Finite Impulse Response (FIR) filter, Infinite actuator system, the sampling rate was selected as 10 kHz
Impulse Response (IIR) filter, and long term time delay. to avoid possible “inter-sample” errors.
Because of the constraints coming from fixed point
operations and limited memories, it is crucial to
streamline the FPGA code and maintain acceptabled.1 System Identification
performance with minimal errors caused by the embedded
hardware. For example, using a direct form Il realization Because the repetitive control is a model based design
of second-order IIR filter may reduce the number of usedmethod, a mathematical model is still required for the
registers, but on the other hand it also requires morecontrol design. To this end this study applied a time
dynamic arithmetical range and memory space comparinglomain system identification (ID) method and injected a
to a direct form | realization method. In light of this, a series of square wave to the piezo actuator system as
simulation analysis is performed to determine the optimalinput. Figure4 shows the system ID result based on the
realization structures before implementation. embedded controller CompactRIO. After filtering out the
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Input; Sine Wave 10Hz, Sampling Rate: 10k Hz
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Fig. 7. Steady state tracking error comparison: green line: PID;
blue line: NN; red line: RC.

resolution based arithmetic operations are also shown in
Figure 6. It is clear that the finite word length errors
become more significant with a decreasing precision in
the embedded control system. The result presented
indicates that there exists an inherited conflict between
hardware resources and performance in particular when
implementing on a fixed point embedded controller.

Next, we present the experimental results of using
neural controllerC; by comparing with two other
controllers, PID control and repetitive control. Note that
so far the hybrid control mechanism is still not activated.
As shown in Figure, the neural controller, although only
with two neurons in the implementation, still achieves
better performance than the fine-tuned PID controller.
The obvious periodic errors shown in the plot thus
motivate the extra use of repetitive control for better
performance over neural network control alone.

Figure 8 represents the tracking results by using our
proposed hybrid neural-repetitive control based on an
embedded control platform. It is clear from the top
subplot that a large transient error occurs in the first
period cycles. Adding a neural controllgr considerably
reduces the transient error down te-d.15um range. In
particular, activating all the control actions @ further
improves the transient performance, as indicated in the
bottom subplot. Although applying more control actions
seems giving the best tracking performance, it is noticed
that accumulated fixed point errors also lead to increased
steady state errors (blue line v.s. black line).

undesired noises and fixed point errors for the outpuls Conclusion

signal, a third order discrete time model at 10 kHz
sampling is obtained by using the system ID toolbox
'ident’ in Matlab and can be represented as:

B 0.16967 — 0.0458%
- 2-0.86022+0.123%+ 0.01492

G(2) (11)

A different input signal, frequency varying square
wave, was also injected to the control system to verify the
accuracy of the model, as shown in figdre

4.2 Tracking Results
Figure 5 shows the tracking error results by using

repetitive control (RC) alone (i.e., disablirigy and the
neural controller part irC;). To highlight the effects of

In this paper, we present an advanced digital control
method which combines neural control with repetitive
control for tracking control of piezo-actuated systems.
The developed control algorithm was implemented using
a FPGA based embedded control platform. Experimental
results on periodic tracking control of a piezo-actuated
system demonstrate the effectiveness of the proposed
method. From the results obtained, it is suggested to take
into account the issues of error reduction, computational
burden, and programming efforts for best system
performance when using embedded hardware for
advanced controls implementation.
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can be seen, using a floating point based control platform
assures the asymptotic error property because of the use

of the repetitive controller. However, undesired ripple
errors occur at the steady state if the control is
implemented using a fixed point microcontroller. For

comparison purpose the results using three different
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