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Abstract. The intrinsic hysteresis nonlinearity of the piezo-actuators can severely degrade the positioning accu-
racy of a tip-tilt mirror (TTM) in an adaptive optics system. This paper focuses on compensating this hysteresis
nonlinearity by feed-forward linearization with an inverse hysteresis model. This inverse hysteresis model is based
on the classical Presiach model, and the neural network (NN) is used to describe the hysteresis loop. In order to
apply it in the real-time adaptive correction, an analytical nonlinear function derived from the NN is introduced to
compute the inverse hysteresis model output instead of the time-consuming NN simulation process. Experimental
results show that the proposed method effectively linearized the TTM behavior with the static hysteresis nonlinear-
ity of TTM reducing from 15.6% to 1.4%. In addition, the tip-tilt tracking experiments using the integrator with and
without hysteresis compensation are conducted. The wavefront tip-tilt aberration rejection ability of the TTM control
system is significantly improved with the−3 dB error rejection bandwidth increasing from 46 to 62 Hz.©2016Society of
Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.5.054107]
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1 Introduction
Adaptive optics (AO) is a technique that measures and com-
pensates wavefront aberrations induced by the Earth’s
atmosphere and by imperfections in the telescope optics
to obtain the diffraction limited image.1,2 Among these aber-
rations, tip/tilt (TT) disturbances are quite important. On the
one hand, TT aberrations contribute more than 85% of the
overall atmospheric turbulence variance.3 On the other hand,
mechanical vibrations and windshake have a significant
impact on the TT aberrations, which in the case of the
large telescope, are challenging to correct.4–7 So the compen-
sation of TT has the biggest impact on the final resolution
performance of the adaptive optics system (AOS). Most
AOSs use the pure integral controller for TT correction
because it is simple and effective.4 Our liquid crystal adap-
tive optics system tested on the 2.16 m telescope also used
the integrator for the tip-tilt mirror (TTM) tracking loop.8

Generally, for simplification, the response of TTM is
assumed to be linear during the controller’s design. Mostly,
the integral parameter, which is tuned based on this linear
system model, can guarantee the system stability and the
bandwidths’ requirement.4,7 However, with the need for bet-
ter TT tracking performance and higher control accuracy of
the TTM in next-generation large optical telescopes, many
factors need to be considered. Above all, TTM is pulled
and pushed by piezoelectric ceramic actuators (PZT), which
have inherent hysteresis nonlinearity. This hysteresis nonli-
nearity of PZT degrades the positioning accuracy of TTM
and eventually reduces the TT tracking loop precision. In

addition, because of the hysteresis nonlinearity, it is difficult
to obtain a precise system model, which limits the system
simulation and more sophisticated controller design.

In this paper, we present and validate an analytic nonlin-
ear model to describe the complex relationship between
applied voltages and the deflection of TTM with the neural
network (NN). And a method for the online implementation
of the inverse hysteresis model is presented, of which the
computing time is at a level of microsecond. As the sampling
frequency of the TT tracking loop in our AOS is about 1 kHz,
this computing time can be ignored. Using this method, the
static hysteresis nonlinearity of TTM reduces from 15.6% to
1.4%. Then feed-forward linearization with this inverse hys-
teresis model is introduced in the integrator-based TTM
feedback control loop. The wavefront tip-tilt aberration
rejection ability of the TTM control system is significantly
improved with the −3 dB error rejection bandwidth increas-
ing from 46 to 62 Hz. The remainder of this paper is organ-
ized as follows. In Sec. 2, the NN-based inverse hysteresis
model description method is discussed. In Sec. 3, the hyste-
resis compensation (HC) results are given and TT tracking
experiments are performed. And TT tracking performance is
compared between the commonly used integrator and the
integrator with the feed-forward linearization. Finally, con-
clusions are given in Sec. 4.

2 Theory of the Hysteresis Description Method
Many researchers have been reported to compensate the hys-
teresis. Kudryashov and Shmalhausen9 compensated for hys-
teresis by initializing the piezo-actuator to a certain state each
time before the new action, which requires extra samples and
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thus limits the effective sampling rate of the system. Chang
et al.10 used a feedback control scheme to linearize the
response of the piezo-actuator, which requires both hardware
and software modification, adding to the complexity of the
closed loop AO system. Another strategy was based on the
hysteresis model, which compensates the hysteresis by intro-
ducing an inverse hysteresis model in the feed-forward loop
of PZT. Concerning the hysteresis model structure, many
methods have been used to describe the hysteresis loop
branches. The scalar model of magnetic hysteresis proposed
by Preisach has been used and improved by many research-
ers. Yang et al.11 corrected the hysteresis of a bimorph mirror
by feed-forward linearization with an enhancing Coleman–
Hodgdon inverse hysteresis model. Dubra et al.12 also
reduced the hysteresis of a single-actuator bimorph mirror
with a classical and a generalized Preisach inverse hysteresis
model. In a word, this feed-forward linearization scheme
indicates a more cost-effective approach for HC in AOS
because it requires only a mathematical model instead of
any hardware modification or extra samples in the control,
but meanwhile provides efficient correction on hysteresis.

In the Presiach classical model, the behavior of a system
with hysteresis assumes the congruency and wiping-out
property.13 Figure 1 shows the anatomy of the hysteresis
loop. The congruency property states that all minor hystere-
sis loops with the same extreme input values are congruency.
The wiping-out property means that only the alternating
series of dominant input extremes are necessary to determine
the current behavior of the system.

We demonstrate a simple instance to explain how the
output of the inverse hysteresis model is computed. Let us
consider the input–output trajectory as shown in Fig. 2.
The desired displacement inputs follow α1 → β1 → α2 →
β2 → α3. Here α1, α2, and α3 are the dominant local min-
ima, and β1 and β2 are the dominant local maxima.
According to the wiping-out property, the input–output tra-
jectory following D1 → D2 → D3 → D4 can be considered
as D1 → D4 directly, i.e., the local input extreme fα2; β1g
can be wiped out. Define ΔVpq as the voltage difference
to drive TTM from position Dp to Dq, and the voltage

difference ΔV15 that drives TTM fromD1 toD5 can be com-
puted from ΔV14 and ΔV45. Then according to the initial
voltage V0, the voltage needed to drive TTM from D4 to
D5 is calculated as

EQ-TARGET;temp:intralink-;e001;326;504V ¼ V0þ ΔV14 þ ΔV45: (1)

The congruency property indicates that hysteresis loops
with the same input extremes are congruent. That means
the voltage difference corresponding to the displacement
extremes fαi; βjg is uniquely determined by these input
extremes. Here we define an inverse Preisach function
Pfαi; βjg to represent the voltage difference that causes the
displacement extremes fαi; βjg. Usually, the Presiach func-
tion can be approximated by some basic functions, such as
polymerization, NN. Based on MATLAB® tool, the polyno-
mial curves of the round-trip voltage and displacement of
PZT were charted by Fan Wei and Lin.14 Though the fitting
accuracy of polymerization is high, the computation of the
analytic inverse function is difficult. Conclusive proofs have
been given by numerous authors that multilayer neural net-
works are capable of approximating any continuous function
to arbitrary accuracy on a compact set.15–18 NN approxima-
tion is thus widely used in many nonlinear control systems.
In this paper, a two-layer NN is used to describe the hyste-
resis loop branches and evaluate the inverse Preisach func-
tion. The NN consists of 10 tangent hyperbolic-neurons in
the first layer and one neuron in the second layer with
input (α; β) and output Pðα; βÞ as shown in Fig. 3.

Furthermore, in order to meet the real-time computation,
we use the function of back propagation NN instead of the
time-consuming simulation operation to describe the hyste-
resis branches, which increases the computing speed and
insures the computation precision as well. According to
the two-layer NN structure, the Pðα; βÞ is determined as

EQ-TARGET;temp:intralink-;e002;326;165Pðα; βÞ ¼ WL � tanh½WI � ðα; βÞ þ b1� þ b2; (2)

where WI and WL are the input and output weights matrix of
the NN, respectively; b1 and b2 are biases on the input and
output neurons, respectively. Parameters WI and WL, b1,
and b2 are obtained by training the NN.

Thus, the inverse hysteresis model computation method
consists of four steps: (1) train the NN with the displacement

Fig. 1 Anatomy of the hysteresis loop.

Fig. 2 Illustration of inverse Preisach model computing process.
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and the corresponding voltage difference to get parameters of
the Preisach function off-line; (2) find the displacement
extremes, which determine the hysteresis loop branches on
line; (3) use Eq. (2) to compute the voltage difference; and
(4) use the initial voltage and voltage difference correspond-
ing to each displacement extremes to compute the applied
voltage.

3 Experiment

3.1 Experimental Setup

To validate the proposed HC strategy for TTM control, an
experiment was conducted in the lab. Figure 4 shows the
schematic of the experimental setup. The object light colli-
mated by lens L1 was reflected by a TTM1. Then it passed
through lens L2 and L3, and the wavefront TT aberrations
were compensated by another TTM2. Finally, the corrected
light was directed to WFS via lens L4 and L5. The TTM1
and TTM2 surface and the aperture of the WFS were con-
jugated with each other. In this experimental system, the two
TTMs were all actuated by the PI high-dynamics piezo TT
platform. TTM1 (PI S334) was used to produce the incoming
TT disturbances, while TTM2 (PI S330.2SL) was used as the
TTaberration corrector with a loaded resonance frequency of
2.6 kHz. By introducing TTM1, we can measure the closed-
loop frequency response and error rejection frequency
response of the TT control system with different control
strategies. Based on the system, we can evaluate the AOS
performance with and without the feed-forward HC. WFS
made by our group was based on the OCAM2 camera. In
the system frequency response measurement experiment,
the sample rate of WFS was set to be 1 kHz on DELL
T5500 work station.

The block diagram of the TTM control system with
feed-forward linearization is shown in Fig. 5. Φtur is the
atmospheric turbulence aberrant wavefront. The TT correc-
tion signal by the TTM and the residual wavefront error are
Φcor and Φres, respectively. The block TTM denotes the
whole TTM control platform including high voltage ampli-
fier, piezoelectric ceramic actuator, TT mirror, and DA con-
vertor.Cð̱zÞ is a linear controller. The hysteresis compensator
(HC) is introduced in the feed-forward loop to compensate
the hysteresis nonlinearity and linearize the system. The
static hysteresis of the PZT-based TTM with HC and without
HC are measured and compared as a validation. In AOS,
the higher the error rejection ability is, the smaller the
residual TT is. The error rejection performance of the TTM
control system is tested for tracking a sine wave with
different frequencies. And the −3 dB error rejection band-
width is used to quantitatively estimate the TT correction
performance.

3.2 Hysteresis Compensation Implementation
Process

First, we get the hysteresis data by exciting the TTM vertical
axis with a sinusoidal signal denoted as uðkÞ, of which the
local maxima slowly decrease in time while the local minima
are kept constant. The period of the signal is 1 s to avoid
exciting the system’s dynamic behaviors, and the WFS sam-
pling rate is 200 Hz. The vertical displacement (take only one
axis for example) of the TTM is denoted as yðkÞ [the pure
two-sample delay caused by the detector has been removed
so that uðkÞ and yðkÞ are already synchronized]. The input
signal and hysteresis curves are shown in Figs. 6(a) and 6(b),
respectively.

Based on these measured hysteresis data, the NN is
trained with the extrema of displacements as the input
and the corresponding voltages data set as the output.
Eventually, parameters including WI, WL, b1, and b2 of
the inverse Preisach function are obtained. Then, with the
dominant local input displacement commands’ extrema
fαi; βjg stored and updated in real time, the desired voltage
signals can be computed according to Eq. (1) and inverse
Preisach function. Based on the current hardware configura-
tion, the NN simulation process will consume more than
10 ms. The computation of inverse Presiach function
takes about 5 μs, which can be ignored. Thus, the inverse
hysteresis model can be used in the feed-forward loop for
HC in real time.

3.3 Simulation Results

Figure 7(a) shows the voltages computed using the inverse
hysteresis model and the actual applied voltages. The root-
mean-square (RMS) of the error between the actual and the

Fig. 3 Schematic representation of a two-layer NN.

Fig. 4 Optical layout of the experimental TTM control system setup.
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inverse hysteresis model computed voltages is 0.06 V, which
is only 0.6% of the voltage range. Figure 7(b) compares the
measured inverse hysteresis curves in the experiment and the
inverse hysteresis curves simulated using the inverse hyste-
resis model. The measured and simulated results agree fairly
closely, which means the inverse hysteresis model can
describe the TTM’s inverse hysteresis property with high

precision. It indicates that this model will be effective in
compensating the hysteresis nonlinearity. In addition, the
time used to compute the inverse hysteresis model output
is tested to be at the level of a microsecond, which can be
ignored in this system. Therefore, it has no effect on the
open-loop dynamic property, and its transfer function can
be considered as a constant.

Fig. 5 Block diagram of the close-loop TTM system with an HC in the feed-forward loop.

Fig. 6 Input voltage signal and hysteresis curves: (a) input voltage and (b) measured hysteresis curves.

Fig. 7 The inverse hysteresis model simulation results: (a) the actual applied voltages and the inverse
hysteresis model simulated output; and (b) the experimental measured and simulated inverse hysteresis
curves.
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3.4 Open-Loop Performance Comparison With and
Without Hysteresis Compensation

Experiments are conducted to test the performance of HC by
exciting the vertical axis of TTM with a sinusoidal signal, of
which the amplitude is 5 V with a bias of 5 V and the period
is 1 s, then record the control signal uðkÞ and vertical dis-
placement yðkÞ of TTM.

Figure 8 shows the hysteresis curves between the control
signal uðkÞ and the measurement yðkÞ when HC is off and
on. In order to quantify the hysteresis nonlinearity of TTM,
we define hs as the ratio of the maximum possible output
difference for any input (Δy) divided by the output range
(ym), i.e., hs ¼ Δy∕ym (see Fig. 8). The hysteresis param-
eter hs has been reduced from 15.6% to 1.4% by HC, and the
linearity of the input–output curve has been improved sig-
nificantly. As we can see, there still is 1.4% hysteresis non-
linearity after HC, which is mainly caused by (a) the
measurement noise during the NN training; (b) the fact
that the NN training input cannot cover all the excited signals

in the real working condition; and (c) as discussed in
Sec. 3.3, the inverse hysteresis model has error RMS 0.6%.

The open-loop TT tracking results for a reference sine sig-
nal with a frequency of 30 Hz and magnitude of 2 mrad is
shown in Fig. 9. When HC is on, the open-loop tracking error
RMS for the reference signal is reduced from 0.85 to
0.56 mrad. It indicates that the HC method improves the
positioning accuracy of the TTM. So this method will con-
tribute to the performance improvement of the closed-loop
TTM tracking system.

3.5 Closed-Loop Performance of Integrator With and
Without Hysteresis Compensation

To compare the TTM control system performance between
the pure integral controller and the integrator with HC,
closed-loop tracking experiments are conducted. In tradi-
tional controller design for the TTM, the pure integral con-
troller’s gain is adjusted based on the closed-loop step
response curve. When HC is on, the system is almost linear-
ized and the linearized system model can be identified. So we
use the linearized system model and simulation to optimize
the integral gain. Under the constraint of a 45 deg phase mar-
gin and a gain margin larger than 6 dB, the integral parameter
is adjusted.

The result for tracking applied TT perturbation with a sine
wave of 30 Hz is shown in Fig. 10. For perturbations of sine
waves with different frequencies, the residual TT aberrations
are listed in Table 1. The results demonstrate that when the
frequency varies from 1 to 70 Hz, a higher error rejection
ratio is achieved after introducing HC. Like the linear control
system, with the increasing frequencies of the incoming
tip signal, the error rejection ratio raises. So here we also
use the bandwidth to define the error rejection ability of
TTM control system quantitatively. The incorporation of
a feed-forward linearization into the feedback integral con-
trol increases the −3 dB error rejection bandwidth from 46
to 62 Hz.

An experiment was also performed for tracking a data
sequence of actual tip aberrations, which are obtained from
the field observation with 1.23 m telescope. The tracking

Fig. 8 The static hysteresis curves with HC on and off.

Fig. 9 Open-loop tracking results for a sine wave with frequency of 30 Hz when HC is on and off:
(a) tracking output and (b) trace errors.
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results are given in Fig. 11 with (a) the vertical axis output of
TTM and (b) the trace error. When HC is used with the inte-
gral control, the tracking error RMS is reduced from 0.05 to
0.038 mrad.

4 Conclusions
In this paper, we presented an inverse Preisach hysteresis
model based on the function of back propagation NN instead
of the time-consuming simulation operation, which increases
the computing speed and ensures the computation precision

as well. The comparison between the inverse hysteresis
curves measured in the experiment and simulated from
the inverse hysteresis models testifies to the high precision
of the model in describing the inverse hysteresis property.
Experimental results show that the proposed method effec-
tively linearized the TTM behavior with the static hysteresis
nonlinearity of TTM reducing from 15.6% to 1.4%. This
HC method improves the positioning accuracy of the PZT
without adding computation time delay to the control
loop, which will improve the bandwidth of the PZT-based

Fig. 10 Closed-loop integral control results for a sine wave frequency of 30 Hz when HC is on and off:
(a) tracking output and (b) trace errors.

Table 1 Closed-loop tracking results.

Incoming TT frequency (Hz) 1 5 10 20 30 40 50 60 70

Error RMS with HC off (mrad) 0.05 0.12 0.19 0.40 0.60 0.89 1.06 1.19 1.40

Error RMS with HC on (mrad) 0.05 0.10 0.17 0.34 0.50 0.63 0.88 0.90 1.15

Fig. 11 Closed-loop integral control results for actual tip aberrations when HC is on and off: (a) tracking
output and (b) trace errors.
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tracking system. The incorporation of HC into the integral
control closed-loop system has significantly improved the
−3 dB error rejection bandwidth from 46 to 62 Hz. In addi-
tion, this method can be also used in many control systems
with the hysteresis nonlinearity to linearize the system. The
linearization of these nonlinear control systems is useful for
the system simulation, controller design, and optimization
and can eventually improve the control system performance.
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