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A nonsmooth optimization control (NOC) based on a sandwich model with hysteresis is proposed to control a microposi-
tioning system (MPS) with a piezoelectric actuator (PEA). In this control scheme, the hysteresis phenomenon inherent in
the PEA is described by a Duhem submodel embedded between two linear dynamic submodels that describe the behavior
of the drive amplifier and the flexible hinge with load, respectively, thus constituting a sandwich model with hysteresis.
Based on this model, a nonsmooth predictor for sandwich systems with hysteresis is constructed. To avoid the complicated
online search for the optimal value of the generalized gradient at a nonsmooth point, the method of the so-called weighted
estimation of generalized gradient is proposed. In order to compensate for the model error caused by model uncertainty, a
model error compensator (MEC) is integrated into the online optimization control strategy. Afterwards, the stability of the
control system is analyzed based on Lyapunov’s theory. Finally, the proposed NOC-MEC method is verified on an MPS
with a PEA, and the corresponding experimental results are presented.
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1. Introduction

Many mechatronic systems have sandwich structures
wherein nonsmooth nonlinear components such as
dead-zone, backlash, or hysteresis are sandwiched
in between linear dynamic subblocks, which is also
called the Wiener—Hammerstein system with nonsmooth
nonlinearities (Luo et al., 2015; Dong et al., 2013;
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2016; 2017). A typical sandwich system usually has
the structure as shown in Fig. [[l where L; is the input
linear dynamic subsystem, L is the output linear dynamic
subsystem and N represents the nonlinear subsystem,
respectively. In precision positioning systems, hysteresis
is usually involved in the smart materials-based actuators,
such as the actuators made by piezoelectric ceramic, shape
memory alloy and electromagnetic materials (Xue et al.,
2019; Harnischmacher and Marquardt, 2007; Oliveri
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Fig. 1. Sandwich system structure.

et al., 2019; Janaideh er al., 2008). A micropositioning
stage (MPS) with a piezoelectric actuator (PEA) can be
classified as a sandwich system with hysteresis since
the piezoelectric actuators in the stage are involved with
hysteresis.

Note that hysteresis in the PEA of an MPS
is a nonsmooth nonlinearity with a rate-dependent
characteristic, which may lead to undesired positioning
residuals, phase lag reduction and oscillation, etc.,
so that the dynamic system performance will be
deteriorated. Hence, in order to obtain accurate
positioning and satisfactory dynamic performance of
MPS, the corresponding controller should have the
capability to suppress the influence of the hysteresis.

For the control of the MPS with the PEA,
optimization based on a control strategy is one of
interesting alternatives. Nowadays, various optimized
control strategies of the nonlinear systems have been
proposed, e.g., fuzzy control with optimal design (Tong
et al., 2018), adaptive reconfiguration control (Zhang
et al., 2022) and adaptive optimizing control (Yu
et al., 2022; Li et al., 2022), etc. These control
strategies are applicable for the dynamic systems with
monotonic or smooth nonlinear factors. Note that for the
dynamic systems with nonlinear factors with nonsmooth
and multivalued characteristics such as hysteresis, new
optimization control schemes need to be studied.

For the sandwich systems with hysteresis, if the
input and output of the embedded hysteresis can be
reconstructed, then the inverse model-based control
strategy, such as internal model control (Dong et al.,
2013) and nonlinear decoupling control (Xie et al., 2013)
are applicable. The advantage of the inverse hysteresis
model-based compensation is that the hysteresis effect can
be suppressed by the inverse hysteretic model. In addition,
it can increase the bandwidth of the system and yield
fast system response. However, the obvious disadvantage
is that the existence of model uncertainty may degrade
the compensation performance. Moreover, building the
inverse hysteresis model is not an easy job. In order to
avoid building the inverse hysteresis model, Zhao and Tan
(2006) proposed a pseudoinverse hysteresis model based
adaptive neural network control method.

If the input and output of hysteresis in the
sandwich system cannot be reconstructed, then the direct
control methods such that sliding mode control strategies

(Corradini et al., 2005; Manni et al., 2008) are applied. On
the other hand, Tao et al. (2001) proposed a compound
control method and Taware er al. (2002) developed a
hybrid control method for nonsmooth sandwich systems.
In addition, Dong et al. (2008) proposed a nonsmooth
nonlinear programming based predictive control strategy
for the systems with backlash-like hysteresis.

It is noted that only the case that the rate-independent
hysteresis in the sandwich systems is considered in the
aforementioned literature. In fact, in the MPS, the
hysteresis inherent in the PEA has a rate-dependent
characteristic. ~ Usually, the rate-dependent hysteresis
is more complex than the rate-independent case since
rate-dependent hysteresis causes the phase lag that varies
with input frequency and produces a complicated dynamic
phenomenon.

Moreover, in most of the above-mentioned schemes,
the online optimization of the control strategy is not
considered. However, it is important to consider the online
optimization solution for the control strategy to ensure
satisfactory control performance. Since the sandwich
system with hysteresis is a nonsmooth dynamic system,
conventional optimization techniques cannot be directly
applied. Therefore, inspired by the above discussion,
in this paper, an online optimization control scheme is
proposed for the sandwich systems with rate-dependent
hysteresis.

Due to the nonsmooth feature of hysteresis, the
optimization control for sandwich system with hysteresis
will face the challenge that the gradients will not exist
at nonsmooth points. Therefore, the subgradients should
be introduced to deal with this problem.  Usually,
the computation of subgradients calls for an offline
method (Clarke et al., 1998). However, the real-time
control strategy needs to consider the online scheme
of nonsmooth optimization, so it is necessary to study
the online optimization control strategy based on the
subgradient technique. Note that subgradients at
nonsmooth points tend to have multiple values; therefore
subgradients can be represented as closed intervals at
nonsmooth points, which may lead to complex search
computations. If subgradient-based online optimization
is implemented, then it may become a computational
burden for real-time control. To simplify computations, a
novel method is proposed to approximate the subgradients
at nonsmooth points using smooth interpolation-based
estimates.

Subsequently, for reducing the effect of model
uncertainty to system performance, a model error
compensator (MEC) is introduced to the nonsmooth
d-step-ahead predictor based on the sandwich model
with rate-dependent hysteresis. Then, a nonsmooth
optimization control (NOC) scheme with MEC is
proposed for online optimized tuning of the control
mechanism towards the minimization of the control
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cost function. By introducing the MEC, the proposed
nonsmooth optimization control with a model error
compensator (NOC-MEC) scheme has the following
advantages:

(i) Considering robust control usually requires
conservative design by sacrificing the transient
performance of the system. The proposed
NOC-MEC method can improve the prediction
accuracy of the system by introducing the MEC.
Then, the corresponding NOC-MEC strategy does
not need to be conservatively designed to tolerate
model uncertainty.

(i1) Noting that the adaptive control scheme requires
online estimation of model parameters, updating the
parameters of a sandwich model with rate-dependent
hysteresis online is not an easy task. This is time-
consuming and results in a large computational cost.
The proposed NOC-MEC strategy does not need to
update the parameters of the system model online
and is therefore computationally simpler than the
adaptive control method.

Therefore, the main contributions of this paper are as
follows:

(i) A subgradient based nonsmooth optimization control
scheme is proposed to deal with the control
of micropositioning systems with rate-dependent
hysteresis.

(ii) A method of interpolation-based estimation is
proposed to approximate the subgradients at
nonsmooth points, which simplifies the search
process of sub-gradients.

(i) A model error compensator is integrated in the
control scheme to suppress the effect of unknown
model mismatches.

The organization of this paper is as follows. In
Section 2, the sandwich model with hysteresis used to
describe the MPS with the PEA is briefly described.
Then, based on the sandwich model with hysteresis, the
NOC-MEC is constructed in Section 3. In Section 4,
the stability analysis of the control system is presented.
Afterward, in Section 5, the proposed NOC-MEC method
is verified on the displacement control of an MPS with a
PEA. Finally, conclusions of the paper are presented in
Section 6.

2. Sandwich model with hysteresis

In the sandwich model with hysteresis used to describe the
behavior of the micropositioning stage, the linear dynamic
subsystems L; and Ly are used to describe the properties

of the driving circuit and the flexible hinge with load,
which can be respectively depicted by

Li: Ai(g " o(k) = ¢ 'Bi(g ulk) (D)

and
Ly : Ao(q~ My(k) = Ba(g~ Hw(k), 2)

where u(k) € R and y(k) € R represent the input
voltage of the MPS and output displacement of the MPS,
respectively, while v(k) € R and w(k) € R are internal
variables of the system and cannot be measured directly.
Here ¢! is the unit back-shift operator (i.e., ¢ lz(k) =
x(k — 1)), as well as A;(¢~1), Bi(¢™ 1), A2(¢~ 1) and
Bs(q~1) are polynomials which can be expressed as

1

B

g =1+ang "+ +awm,qg ™,
Bi(g~ ") =bio+bug 4+ bin, g M, bio #0,
Ao(g ") =14 anq " + -+ agn,q ",
By(q7') = b 4 ba1qg " 4+ + bang, g, bao # 0,

respectively, where mn14,7M1p,M2, and mngp are the
orders of the polynomials A;(¢~1), B1(q~!), A2(¢™ 1)
and Bo(q~!), respectively; d denotes the time delay,
and A1y y alnla,blo, ceey blnlb,agl, ey A2ny, and
b20, . .., ban,, as well as d are known coefficients.

On the other hand, to describe the characteristic of
rate-dependent hysteresis in the piezoelectric actuator of
the MPS, the Duhem model (Oh and Bernstein, 2005;
Dong et al., 2016; 2017) is employed, i.e.,

N :w(k) =w(k — 1)+ affosgn(v(k — 1))
+ fivk = 1) —w(k = D]JAv(k)[  3)
+ goA’U(k),

where sgn(z) is the sign function, «, fo, f1 and go are
known coefficients satisfying the dissipative condition,
i.e., go > 0and gg < fi, as well as the stability condition:
0 < alAv(k)] < 2, where Av(k) = v(k) — v(k — 1)
(Dong et al., 2017).

Hence, the corresponding sandwich model with
rate-dependent hysteresis can be described by (), @) and
@.

The goal of this paper is to design the NOC-MEC
scheme for the micropositioning stage with a piezoelectric
actuator, which has a sandwich structure with
rate-dependent hysteresis, such that the cost function is
minimized and the system output can track the reference
trajectory of the system.

3. NOC-MEC strategy

In this section, the NOC-MEC strategy is developed
based on the prediction of the sandwich system with
rate-dependent hysteresis. The architecture of the system
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Fig. 2. Architecture of the proposed NOC-MEC method.

with NOC-MEC scheme is shown in Fig. In this
architecture, the reference trajectory, the outputs of the
controller, the MPS with the PEA model and the MEC
are fed to form the cost function. Then, the cost function
is minimized online by the optimization mechanism to
generate the corresponding optimization control.

3.1. Prediction based on the nonsmooth sandwich
model. Because v and w are usually not measured
directly, they need to be estimated based on submodels
Ly(-) and N(-). Therefore, by using the Diophantine
equation (Clarke et al., 1987), i.e.,

1=Q(g HA(g ) +q “H(g ), (4)
where
Qg ™) =1+qq '+ +qa1g "V,
H(g Y =ho4+hig 4+ hpy, 1g” ™™

and the coefficients of polynomials Q(¢~!) and H (¢~ ')
are described by

i
qi:_zqi—salsv 7;:1’27"'ad_1a
s=1

d—1

hjy =— E Gd—1-s0151s+1, J=0,1,...,m14—1,
s=0

respectively, the corresponding d-step-ahead predictor is
derived by

o(k + dk) = H(g ")o(k) + R(g~"u(k),  (5)
where

R(g™") = Q(a™)Bi(g™ ")
=710 +71q "+ F Taypa—1g” T,

4
ri:ZbLi—jqj? i:O,l,...,nlb-i-d—l.
7=0

By substituting (3) into (@), the prediction of the hysteresis
in between L1 (-) and N () will be

N : (k4 d)k)
=wk+d-1))
+ afosgn(o(k+d—1)+ fio(k+d—1)  (6)
— (k4 d—1)]|Ad(k + d|k)|
+ goAd(k + d|k),

Then, by combining (6) and @), the prediction of the
sandwich system with hysteresis is obtained, i.e.,

gk + dlk) =As1 (g~ gk +d — 1)

7
T Ba(g Vak k),

where Az1 (¢ ') = —ag1q” ' — -+ — agn,, g (M2,
Thus, ()2 represent the d-step-ahead nonsmooth
predictor of the sandwich system with hysteresis.

3.2 NOC-MEC strategy. Usually, the model
uncertainty caused by modeling residuals cannot be
ignored. To compensate the impact of model uncertainty
on the control system performance, an MEC is introduced
to improve the accuracy of the system prediction, i.e.,

gk +d)
= §(k + dlk) + ¢(e(k))
= Ao (g gk +d—1)
+ Ba(q™)io(k + dlk) + ¢(e(k)),

@)

where (k) = y(k) — §(k) and

¢(e(k)) = oly(k) — 9(k)] ©

is the MEC, where o > 0 is the compensation factor.
Define the cost function of the control system as

J = Zle(k+d)]* + %[Au(k)]% (10)

DN | =

where A > 0 is the weighting factor and

e(k+d)=rsk+d) —glk+d)

—ro(k+d)— gkt k) — (k) D

is the prediction error, where r, denotes the reference
trajectory.

Assumption 1. Assume that the cost function (I0) has at
least one extremum.

Letting 0 € Oy (x—1)J[u(k — 1)] leads to

u(k) = u(k — 1) +ve(k + d)Oyp—1ye(k +d), (12)
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where v = 1/ is optimizing stepsize and the subgradient
of e(k + d) with respect to u(k — 1) is
Ou—nye(k + d) = =0yk—1)9(k + d[k)

13
- 6u(k71)¢(8<k))3 ( )

where

Ou(k—1)(k + d|k) =0 (k4 apy §(k + d[k) - (0p10)
. 6u(k,1)ﬁ(l~c + d|k’),

with (0pW)x = Op (ya)k)W(k + d|k). Based on (@), (14)
O (k+d)k) U (k + dlk) = bao, (15)
and in terms of (@),
Ou(e—1)0(k +d|k) = ry. (16)
Moreover, for the convenience of analysis, let
Ff =g+ alfosgn(o(k +d —1)) a7
+ fitlk+d—1)—wk+d—1)]
and
Fy =g0 — alfosgn(d(k +d — 1)) (18)

+ fiolk+d—1) —w(k+d—1)].

Based on (@), (9;); in the smooth segments of
rate-dependent hysteresis is

(D) = FFf, Ad(k+dk) >0,
! E;, Adk+dk)<O0.

However, at the nonsmooth points of rate-dependent
hysteresis, the gradient does not exist. In this case,
w is not differentiable. ~ Hence, the corresponding
subgradient is introduced. At a nonsmooth point, w has
many subgradients. Figure [3]illustrates the subgradients
of hysteresis at the nonsmooth point A: only two
subgradients, s1 and so, where s1 = (95, W)g—; and so =
(05, W)k—i—1 , are shown. Thus, it can be expressed as a
closed interval at nonsmooth points (Clarke et al., 1998),
i.e., (a@w)k = [Fk_,F]:_]

Since determination of the subgradient at a
nonsmooth point entails the search for all possible
gradient values in a closed interval, and then selection of
an optimal one, the computational burden of the online
optimization search may be quite high.

To simplify the online search for the subgradient at a
nonsmooth point, an approximation of the subgradient via
smooth function-based estimation is proposed.

Lemma 1. (Chen, 2012) Suppose w(k+d|k) = D[o(k-+
d|k)] is locally Lipschitz continuous and G[0(k + d|k), f]

12+ Wi+ s51(V — 1)

w1 + 82<\7 — \71)

02+

0.4t

06

08 I I I I I I
-3 -2 -1 0 1 2 3 4 5

Input of hysteresis (¥)

Fig. 3. Multiple values of the subgradient at nonsmooth points.

is a smoothing function of D(-) for any fixed 8 > 0. Then,
for any 0,

{ lim V,,D(ﬁk,ﬁk)}
ok —v,68,10

is nonempty, bounded and 0D(0) = G (0),where the
Clarke subdifferential 0D(0) = con{0|VD(z) — 0,D
is differentiable at z,z — 0} and the subdifferen-
tial associated with the smoothing function G (V) =
con{d|VsD(0*, B) — 0, for 0F — 0,8, | 0}, where
con denotes the convex hull of a set.

Based on Lemma 1, interpolation between the left
and right gradients of w(k + d|k) with respect to v(k +
d|k) approaching the extremum points is applied, i.e.,
(Op0)g, = 6kF,j + (1 — Br)F, , where 0 < B < 1.
According to the above analysis, (051)y, is approximated
by

(O )
Ef, Ad(k + dk) > 0,
= QBB+ (1= Br)Fy Ad(k +d|k) =0,
F., Av(k+d|k) < 0.
(19)

Remark 1. In (I9),

1

P = 1+ exp(—m(9p)g—1)’

where m > 0 determines the slope of the exponential
function. Obviously, f; varies with (0pw)g—1. If
(0p)g—1 > 0, 0.5 < B < 1, in this case F, will
dominate the interpolation. On the other hand, when
(0p0)k—1 < 0, it results in 0 < B < 0.5. Therefore,
F}~ plays a major role in this case.

Then, substituting (13) and (I6) into (I4) yields

Ou(e—1)Y(k + d|k) = 11020 (o). (20)
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Defining ¢(k) = Oy (—1)e(k+d) and combining (I3) and
0) leads to

Y(k) = r1boo(pW)k — Oy—1yP(e(k)),  (21)

where the subgradient 9,,(;,_1)¢(e(k)) is approximated by
the finite difference, i.e., 9, r—1)9(c(k)) =~ [p(e(k, u(k—
1) 4+ 7)) — elk,u(k — 1) — 7))]/(27),7 > 0; here
T is a very small positive number. Based on (12),
the corresponding NOC-MEC scheme for the sandwich
system with hysteresis described by (I)—(3) becomes

u(k) = u(k — 1) +ve(k + dw(k).  (22)

From the above analysis, it can be seen that the
NOC-MEC method not only considers the suppression of
hysteresis effect, but also compensates the influence of
model uncertainty.

Remark 2. In order to obtain the control strategy
@2), the generalized-gradient of the nonsmooth cost
function with respect to control input is applied. Similarly
to hysteresis phenomenon, dead-zone and backlash also
have nonsmooth nonlinear characteristics; therefore, the
proposed method can also be used for the control of
sandwich systems with dead-zone or backlash.

4. Stability analysis

In this section, the stability of the sandwich systems with
hysteresis using NOC-MEC scheme will be analyzed.

Lemma 2. If Li(-) < 400, La(-) < +00 and Eqn. )
satisfies 0 < aw(k) —w(k —1)| < 2 (Dong et al., 2017),
the sandwich system with hysteresis described by (I[)—(3)
is a stable system with bounded input and bounded output
(BIBO).

Proof. Please refer to Appendix A. [ |

To investigate the properties of subgradient (k)
represented by 2I), we use the following result.

Lemma 3. [f u(k) is bounded and |0y ,—1)¢(c(k))| <
no, Where 1 is an upper bound, then there exists 1, > 0
such that |y (k)| < ny, where 1)(k) is described by (Z1).

Proof. Please refer to Appendix B. |

Then, the stability condition can be derived based on
the following result.

Theorem 1. Assume that the NOC-MEC strategy (Z1)
and (22) is applied to the system described by (I)—0).
Suppose that the factor is chosen as p = po + 2¢*(k),
where pg > 0 is a constant and (k) is described by (Z1).
If the optimizing stepsize -y satisfies

0<y< (23)

po +¢2(k)’
then the control system is stable and e(k + d, u(k)) — e*
as k — oo, where e* = ming{|e(k + d, u(k))|} — 0.

Proof. Define Lyapunov’s function of the system as
V (k) = e*(k +d,u(k)) + plAu(k)]>.  (24)
Rearranging (22) leads to
Au(k) = yp(k)e(k + d, u(k)). (25)
Then
e(k+d,u(k)) =e(k+d,u(k —1))

+ Ae(k + d,u(k)), (26)
where
_ Oe(k+d,u(k)
Ae(k +d,u(k)) = 78u(k) Au(k) an

= —op(k)Au(k).
Thus, combining @23) and @7) results in
Ae(k + d,u(k)) = =y (k)e(k + d,u(k)).  (28)
Based on (23), (26) and (28), this yields
ek +d,u(k)) — e2(k + d,u(k — 1))

— ) (R + dyu(k)) 29)
—2e(k + d,u(k —1))e(k + d, u(k)].

Substituting (28)) into (26) leads to
e(k+d,u(k—1)) = (L+~v9*(k))e(k + d,u(k)). (30)
From (29) and (30), this implies
(k4 d,u(k)) — e*(k + d,u(k — 1))
= 7 (k)(2 + ¢ (k))e? (k + d, u(k)).
Furthermore, based on (23) and (31)), this results in

(€29

e2(k +d,u(k)) — e*(k + d,u(k — 1)) + p[Au(k)]?
= 1*(k)e?(k + d, u(k))[(p — ¥ (k))y — 2].

(32)
According to (24) and (32), we have
V)~ V(k—1)
=e2(k+d,u(k Au(k))?
e”(k +d,u(k)) + p[Au(k)] 33)

—e*(k+d,u(k —1)) — p[Au(k — 1)]?
<2 (k)e? (k + d, u(k))[(p — v*(k))y — 2].

If 7 is chosen such that

0<y< —= |

7= o+ 2 (k)

where p = po + 2¢2%(k), po > 0, we get V(k) —

V(k —1) < 0. Thus, we have V(k) < V(k —1) <
- < V(0); in other words, {V'(k)} is a monotonically
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decreasing sequence. Thereby, {V(k)} converges to a
nonnegative scalar V* > 0 such that limy_, 1o, V(k) =
V*. Therefore, the control system is stable.

For e* = ming{|e(k + d,u(k))|}, we have

{1 ~ ey — O
0<1- Fraamy <2

e(k+d,u(k)) = e*,
otherwise.
(34)
Subtracting e* from both the sides of (26) and
considering (28) yields

é(k) = é(k —1) — yp*(k)e(k + d, u(k)). (35)
where é(k) = e(k + d,u(k)) — e*. Hence

e2(k) = &*(k — 1) — 29 (k)e2 (k + d, u(k))

6*
1 o -
% [ e(k +d,u(k))]
=y (k)e’ (k + d, u(k))
<é&(k-1).
Thus, {é%(k)} is a monotonically decreasing

sequence. Thereby, {¢2(k)} converges to its minimum
(€1)? as k goes to infinity, that is, limy_, 4o €2(k) =

(€1)°.
Moreover, from (34) and (33) it follows that
2
&2 (k 2(k
2 _ <1+ 1K) ) G
e2(k—1) L= coFdamy

Denote by oy, the right-hand side of (36).
If e* # e(k + d,u(k)), then o, € (0,1). Let 0 =
maxy{or} € (0,1). Therefore,

0<é(k)<oe®(k—1)<---<o"&(0), (37

where ¢2(0) is a constant. Thus, limy_, o ¢2(k) = 0 and
limg—s 100 e(k + d,u(k)) = e*.

Ife* = e(k+d,u(k)), this yields &2(k) = &2(k — 1).
Based on Assumption 1, it is known that ¢2(k) arrives at
an extremum, i.e., limg_, 4 e(k + d, u(k)) = e*. ]

Theorem 2. [f the control strategy (22) is applied to
the system described by ([)—(3), the system output can
track the reference trajectory accurately in steady state,
ie,e(k+d)— 0 ask — oc.

Proof. Multiplying both the sides of @) by A =1 = ¢!
results in

As(q ) Ay(k) = Ba(q¢ 1) Aw(k). (38)
From (3), we get

Aw(k) = (0pw) k| Av(k)]. (39)

Then, in terms of (1)) and @22), this leads to
Ar(g™v(k) = ¢~ Bi(q A ve(k + d)v (k). (40)
Rearranging (@Q) yields
Ar(g™)Av(k) = ¢ ' Bi(g™ ek + dyp (k). (41)
Then, combining (38), (39) and (@) results in

|[A1(g7 )| A2(g 1) Ay(k)
= By(q~")(0s)5 (42)
g Bi(q )ve(k + d)p(k)|.

Based on Lemma 2, for the bounded input u, y is also
bounded, i.e., for 71, > 0, |y(k)| < n14. Thus,

0 < lg~"Bi(g~")Ba(q™ ") (Qs)ve(k + d)i* (k)|
= [Ai(g7 ) A2 (a7 ) Ay (k)|
<Al A (g™ A2 (g 7).
(43)
Then, based on Lemma 3, (0;w); and (k) are all
bounded. In this case, taking the limit of (3) results in

0 <A[Bi(g~")Ba(g [0 l[0* (k)| le(k + d)]g-1 51
< lim i Al A (g7 A2(g7 )] = 0.
g 1—=1

(44)
Therefore, e(k + d) — 0 as k — oo. ]

5. Experimental results

The proposed NOC-MEC scheme is validated on an MPS
with a PEA as shown in Fig. [4 where a three-dimensional
micropositioning stage driven by PEA is illustrated. On
each axis, an amplifier with a filtering circuit is used to
drive the piezoelectric actuator to produce deformation,
which is amplified by the flexure hinge to drive the
load. Then, the displacement of the load is measured by
the integrated capacitive positioning sensor. In addition,
the measured displacement signal is amplified by the
conditioning circuit and then sampled by a 12-bit A/D
converter and fed to the computer. After that, the digital
control signal sent out by the computer is converted
into an analogy signal by a 12-bit D/A converter, then
amplified by the amplifier with the filtering circuit to drive
the piezoelectric actuator. In this paper, the NOC-MEC
scheme is only tested on the X -axis of the stage.

To describe the characteristic of the single-axis
system, a sandwich model with hysteresis as shown in
Fig. Il is constructed. In this model, L is utilized to
describe the characteristic of the amplifier with filtering
circuit, and Lo is employed to depict the flexure hinge
with the load driven by the PEA, N is a Duhem submodel
used to describe the hysteresis feature of the PEA in the
system.
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Micro-positioning
stage with PEA

Fig. 4. Micropositioning stage driven by the PEA.

Moreover, u is the input voltage sent to the amplifier
with the filtering circuit, v is the actuated voltage output
by the amplifier with filtering circuit, w denotes the force
of PEA, and y represents the displacement of the flexure
hinge with the load.

5.1. Sandwich model with hysteresis. In the case
when the sampling period is chosen as Ty = 0.001 ms, the
step-response of the MPS with the PEA is shown in Fig.
It is shown that a time delay exists in the system and the
underdamped oscillation occurs due to the influence of
hysteresis.

Then, the sandwich model with hysteresis used to
describe the characteristics of the MPS with the PEA was
obtained by using the recursive identification method of
Dong et al. (2017). Due to the chosen sampling frequency,
the resulting time delay is d = 5. Based on the obtained
model, the input linear submodel used to describe the
characteristic of the amplifier with filtering circuit is

Ly : (1-0.7491¢ Ho(k) = ¢ °(14+0.7¢” Hu(k), 45)

while the output linear submodel to depict the property of
the flexure hinge with load is

Ly (1—12¢7"+0.31¢72)g(k)
= (0.05 + 0.005¢ ")w(k), (46)

Step response of the system
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Fig. 5. Step response of the MPS with the PEA.
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Fig. 6. Model residual in time domain and relative the model
residual in frequency domain.

and the hysteresis feature of the piezo-actuator is modeled
by

N : (k)
— i (k — 1) 4 0.024[0.65 sgn(d(k — 1)) + 0.198(k — 1)

— ik — 1)]|Ab(k)| + 0.14A8(k).
47)

When the sinusoidal input with attenuated amplitude
and frequency, i.e.,

r(kTs) = 5e~ 2% sin(500me KT kT,) + 5,

is fed to the piezo-actuated micropositioning stage and
the above-stated model, the corresponding response
difference between the piezo-MPS and the obtained model
is illustrated in Fig. It can be seen that the system
has obvious model residuals. In addition, the amplitude
frequency curve of the relative model residual is also
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Control response of MPS via the NOC-MEC method
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Fig. 7. Control response of the MPS via the NOC-MEC method.

Cost function

100
0.02

Fig. 8. Optimized search process.

shown in Fig. [0l It can be seen that the resonance peaks
occur at about 10.2 Hz and at a higher frequency of
about 250 Hz. To deal with the displacement control
of the positioning system with model uncertainty, the
nonsmooth optimization control law represented by 1))
and (22) is applied to the control of the piezo-positioning
stage.

5.2 Reference trajectory tracking. To test the
tracking performance of the NOC-MEC method, the
reference trajectory of the MPS is a sinusoidal signal, i.e.,
r(k) = 5sin(2nfk) + 5, f = 100 Hz. The control
parameters are selected as 3 = 0.5, v = 36 and 0 =
0.23, respectively. The corresponding control response
is shown in Fig. [l It is seen that the proposed control
scheme has achieved satisfactory control performance.

Moreover, Fig. [8] demonstrates the search process
of the control system within one sampling period via
iteration. It is seen that the cost function is not smooth
due to the existence of nonsmooth hysteresis. Using the
proposed search, an optimal value of the system can be
reached.

It is known that the optimization stepsize 7y in the
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Fig. 10. Influence of o on the control response of the MPS.

NOC-MEC control scheme has significant influence on
the control performance. By fixing ¢ = 0.25 and
choosing different values of v, the comparison of the
corresponding control responses is shown in Fig.[9l From
the figure it is clear that the sluggish response is obtained
when the value of v is chosen to be 1. However, when
v = 2.5, the resulting control response is fast and stable.
On the other hand, the aggressive response with overshoot
is produced as the value of v is chosen as 5. Therefore, it
can be concluded that smaller values of v will lead to slow
control responses and larger values of v will speed up the
responses, but may also lead to overshoot and oscillation
of the control response.

For evaluating the effect of the compensation factor
shown in (8) and (9) on NOC-MEC control performance,
let o be 0.01, 0.1 and 0.25, respectively, with the fixed
B = 0.5 and v = 3.5. Figure [[(]illustrates the responses
of the control scheme with the NOC-MEC when o is
with the chosen values. When the value of ¢ is 0.01, the
system exhibits a sluggish response. On the other hand,
when o equals 0.25, it results in a more aggressive and
faster response than the cases of choosing smaller values
of o. In addition, when o is 0.25, the overshoot occurs in
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Fig. 11. Structure diagram of the pseudoinverse hysteresis sub-
model.

the system response. The results show that the overshoot
increases rapidly as the value of ¢ increases.

5.3. Comparing NOC-MEC with nonlinear NIMC
method. In order to evaluate the robustness of the
proposed NOC-MEC strategy, it is compared with the
nonlinear internal model control (NIMC) method, which
is a well-known robust control strategy. To design
the nonlinear internal model controller, based on (45)
and (46), the corresponding inverse submodels of L;
and Ly are described by Li'(¢71) = wu(k)/o(k) ~
(1 — 0.7491¢7Y)/(1 + 0.7¢"") and Ly'(¢') =
w(k)/9(k) ~ (1-1.2¢71+0.31¢72) /(0.05+0.005¢ 1),
respectively. In addition, the inverse hysteresis submodel
is approximated based on the pseudoinverse structure
(Dong et al., 2020) as shown in Fig. [[1l where (k) =
Kw(k)/(1 + N(-)K). When gain K is chosen to let
IKN(.)| > 1, this leads to 6(k) = N~'(-)w(k)
approximately.

Thus, the corresponding NIMC strategy is designed
as

u(k) = Ly (¢ YN LT (g ) F (g Yer(k), (48)

where F(g~!) is a robust filter and e;(k) = r(k) —
y(k) + g(k) is the system error. In the experiment,
the parameters of the NOC-MEC method are chosen as
B8 = 0.5,v = 36 and ¢ = 0.23. On the other hand,
based on the relative model residual shown in Fig. [l the
robust filter of the NIMC scheme is chosen as Fi(g~!) =
0.0128/(1 — 0.995¢~!). Moreover, the setpoint of the
micro-positioning stage is r(k) = 5sin(2007wk) + 5.
The corresponding comparisons of the controlled system
response and system error between the NOC-MEC and
NIMC methods are shown in Figs.[[2land[I3] respectively.

Moreover, when the setpoint is a sawtooth wave
sequence with the frequency f = 50 Hz and amplitude
varying from O to 10 pm, the parameters of the NOC-MEC
strategy are 5 = 0.5, v = 3.5 and ¢ = 0.23. Then,
the robust filter of the NIMC scheme is F(¢~!) =

S. Yang et al.
12 Comparison of control response of MPS between NIMC and NOC-MEC schemes
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Fig. 12. Comparison of the positioning control response be-
tween the NIMC and NOC-MEC methods (sinusoidal
setpoint).

Comparison of system error between NIMC and NOC-MEC schemes
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Fig. 13. Comparison of the system error between the NIMC and
NOC-MEC methods.

0.0384/(1 — 0.985¢1). Figures [I4] and [[3] respectively
show the comparisons of control responses between the
NIMC and NOC-MEC methods and the corresponding
comparison of the controlled system errors between the
two methods.

Through those comparisons, it can be seen that the
proposed NOC-MEC method achieves a more accurate
tracking response than the NIMC method. The results
show that the NOC-MEC method has a good ability to
compensate the influence of the model uncertainty. This
is because the integrated model error compensator in
the NOC-MEC method compensates the influence of the
model error, which can improve the dynamic performance
of the system and yield faster and more accurate tracking
control performance. In addition, it can be seen that
although the NIMC method can also deal with model
uncertainty, its robust stability design of the controller
leads to a more conservative control effect and slower
tracking performance.
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Comparison of control responses of MPS between NIMC and NOC-MEC schemes
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Fig. 14. Comparison of the control responses between the
NIMC and NOC-MEC methods when the setpoint is
a sawtooth wave.

s Comparison of System error between NIMC and NOC-MEC schemes
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Fig. 15. Comparison of the controlled system errors between
the NIMC and NOC-MEC methods when the setpoint
is sawtooth wave.

6. Conclusion

In this paper, a sandwich model with hysteresis is used to
describe the micropositioning stage with piezo- actuators.
Then the online nonsmooth optimization control method
for the sandwich systems with hysteresis is proposed. Due
to the existence of nonsmooth hysteresis, the gradients
of the cost function of the nonsmooth sandwich system
with respect to the control input do not exist at nonsmooth
points. Thus, the subgradient of the nonsmooth cost
function with respect to the control input is applied. To
avoid the complicated calculation of online search for
an optimal value of the subgradient which is, in fact, a
close interval at nonsmooth point, the estimation of the
subgradient with smooth interpolation is proposed.

To tackle the influence of model uncertainty, a model
error compensator is integrated in the control strategy.
Thus, the robust stability of the resulting NOC-MEC
strategy can be enhanced and the tracking performance

of the system can be improved. Moreover, the stability
of the control system is analyzed by Lyapunov’s method.
Compared with the NIMC strategy, the verification results
of the proposed NOC-MEC method on the MPS with the
PEA system show that the proposed scheme has achieved
much more satisfactory performance.

Because of the complexity of sandwich models, it is
very difficult to identify a specific sandwich model. In the
next step, it is very meaningful to consider how to realize
the optimal control of the model-free sandwich system.
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Appendix A

Proof of Lemma 2

For a given 1, > 0, we have |u(k)| < 7,. Based on
Assumption 1, |L;1(-)| < 400 and |Lz(+)| < +oo, which
leads to

(k)] < L1 () |- (AD)

Then, according to Lemma 1, defining ;1 =
alAv(k)] — 1 results in 0 < p < 1. Obviously,
1/]1 + pug~!| is bounded, i.e., for a given 1, > 0, we
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have 1/|1 + ug~'| < n,,. Rearranging (3) yields

w(k)| =
|al[[fosgn(v(k — 1)) + fro(k — D][Av(k)| + goAv (k)|

1+ (@Au(k) —1)g~1|
2(|fosgn(v(k — 1)) + frv(k — 1)+ [gol/]e)
- 11+ (@Av(k) —1)g~1|

< 2ol + Al Ea () + 'f’j')

(A2)
Define

T = 27, <|f0|+|f1||L1()|77u ||go||>- (A3)

Thus, |w(k)| < N, i.e., w(k) is also bounded. Based
on Assumption 1, it can be seen that

ly(F)] < [La(-)|[w(k)]. (Ad)

Since |La(+)| < +oo and |w(k)| < ny, y(k) is also
bounded.

Appendix B
Proof of Lemma 3

In terms of Assumption 1, () and (AI), ©(k + 1|k) is
bounded for the bounded input u (k). From (&), (A2), (A3)
and Lemma 1, w(k) is also bounded.

Hence, F; described by (I8) and F} described by
(I9) are all bounded; in other words, there exists a positive
constant 7),,, which leads to

[E| = lgo + alfosgn(i(k)) + fro(k) — (k)]

(B
< Igol + lef(Ifol + [fll L1 ()l Inul + [1])-

Defining 9, =
yields

g0l +leel (L fol 412l L1 () 7]+ [0 ])
] < (B2)
Similarly, we also get
[Fe | < m. (B3)
Then
IBES + (1= B)F, |
<SBIEST+A=BIF [ <m. (B4
Based on (R0) and (B2)—(B4), this leads to
|(Op) k| < 1. (BS)

Since [Oy(x—1)P(e(k))|
|T1 b20|n1 + Mo leads to
[ (k)| = [r1b20(0s)x + Bu(i—1)¢(e(k))]
< [r1b20]|(O)k| + |Ou(e—1)((K))]  (B6)
< [ribao|m + 1m0 = 1o-

< 1no, defining 7, =
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