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Image Stabilization of a Model-Following Dual-Stage
System With Charge-Coupled Device Measurement

Yun Wu

Abstract—This article develops a charge couple device (CCD)-
based dual-stage system consisting of cubic Stewart platform and
tip-tilt mirror to stabilize the line-of-sight (LOS) for space optical
payloads. Due to the conventional offloading strategy needing the
accurate characteristic of the CCD and additional position sensor
in terms of precision and bandwidth, a novel model-following
offloading strategy is presented to achieve the offloading for
the dual-stage system. The essence of the proposed strategy is that
the following position signal can be estimated through combining
the controller output with the model-based estimation of the tip-tilt
mirror to be offloaded into the Stewart platform. Besides, an
error-based observation control technique is introduced to relax
the limitations imposed by the low sampling rate of the CCD on
closed-loop performance for the tip-tilt mirror loop. This technique
reduces reliance on the precise control model and optimizes the
tracking performance by the design of an appropriate Q-filter. The
simulations and experiments of the dual-stage image stabilization
system demonstrate the validity of the presented approach.

Index Terms—Charge couple device, model-based estimation,
dual-stage system, Stewart platform, tip-tilt mirror.

I. INTRODUCTION

S THE stability and pointing requirements for space op-
A tical payloads get more stringent, isolating from microvi-
brations to prevent the deterioration of the sensitive optical
payload performance becomes more critical [1]. A common
configuration for vibration rejection and precision pointing of
space optical payloads is the Stewart platform. The platform
has six degrees of freedom where six active struts are adjusted
to suppress the disturbance and track a trajectory [2], [3], [4],
[5], [6]. Various vibration rejection and pointing control systems
have been developed [7], [8], [9]. For example Thayer designed
a unique hexapod for the active isolation and pointing control
of space-based systems, featured by the very soft axial stiffness
(3 Hz corner frequency). [8]. A vibration isolation and dual-stage
actuation pointing system based on a soft Stewart platform
is developed for space precision payloads [9]. However, there
exists a fundamental trade-off of bandwidth between vibration
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isolation and pointing in the design of a Stewart platform control
system, which prevents achieving high-precision tracking.

Dual-stage control is the most effective way to achieve high
levels of tracking accuracy for control systems, a large number
of dual-stage pointing control systems have been proposed [10],
[117, [12], [13], [14], [15]. A composite axis control system
comprised of a gimbaled mirror and a piezoelectric fast steering
mirror (FSM) is developed to solve the pointing jitter problem
of the electro-optical platform in complex airborne vibration
environment [11], [12]. The results demonstrate a 93% reduction
in the pointing jitter of the optical axis. A ATP compound axis
control system is presented in [13], effectively improving the
tracking precision for the intersatellite optical communication
system. The simulation results show that the tracking precision
of the system is less than 2irad. Based on the dual-stage control
concept, some scholars propose combining the Stewart platform
with a high-bandwidth tip-tilt mirror to form a dual-stage sys-
tem. A dual-stage robust high precision pointing control system
consisting of the Stewart platform and the FSM is studied for
a mid-class space coronagraphic observatory [14]. The Stewart
platform stabilizes the telescope line-of-sight (LOS) to 1 mas
in both pitch and yaw axes. The FSM further centers the star
to 0.1 mas. In [15], a two-stage vibration suppression and
precision pointing system is proposed for space optical pay-
loads, comprising a piezoelectric-based Stewart platform and
a FSM subsystem. The Stewart platform is applied to reject
the high-frequency structural vibrations, and the FSM is used
to compensate the residual low-frequency jitters. Ref. [16] pre-
sented a two-stage control system based on the Stewart platform
to ensure the stabilization and pointing requirements for space
telescope. The above-mentioned dual-stage systems are either
dual-detector or single-detector types. Dual-detector types have
no coupling between the two stages but require a greater number
of sensors, while single-detector types have fewer sensors but
require the design of a decoupling link. Additionally, the position
information of the fine stage needs to be offloaded to the coarse
stage, introducing measurement errors.

Based on the above research status, this article develops
a dual-stage image stabilization system based on the model-
following offloading strategy for the vibration isolation and
high-precision pointing of space optical payloads, which starts
with a Stewart platform that provides vibration suppression
capability, and is augmented with a tip-tilt mirror. The essence of
the model-following offloading strategy is that the following po-
sition signal can be estimated through combining the controller
output with the model-based estimation of the tip-tilt mirror,
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which is offloaded onto the Stewart platform. Therefore, the
reliance on additional position sensors is reduced. Besides, The
strategy fully leverages the benefits of the high bandwidth con-
trol model, which reduces the difficulty of system decoupling.
Since the well-closed-loop performance is usually hindered by
the finite sampling rate in the CCD-based tip-tilt mirror loop of
the dual-stage system [10], a variety of control methods have
been presented to decrease the adverse effects of time delay
and, thus, improve the tracking performance [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26].

The model-based feedforward control with no high bandwidth
required proves to be an effective approach to optimize the
closed-loop performance if the target trajectory and accurate
control model can be obtained. Extra sensors such as encoders
and gyros are introduced to synthesize target information, which
is then further processed to obtain higher-order information
through predictive filtering algorithms. The target information
is then fed forward into the feedback loop. Obviously, this
approach is limited by sensor performance and filtering al-
gorithms [24], [25]. An improved Smith predictor in [26] is
capable of compensating for the time delay in the CCD-based
control systems. The underlying principle is that the high-speed
gyro information is integrated to add into the feedback position
loop. However, the predictor is highly sensitive to discrepancies
between the reality and model, and the low-frequency drift of
the gyro must be considered in a real space environment. This
article presented an error-based observation feedforward control
method to improve the tracking performance of the tip-tilt mirror
control subsystem. The method assists the original CCD-based
feedback loop by only utilizing the LOS error to generate a
compensator. Since the original error attenuation function is
multiplied by 1-Q (Q is the designed filter), minimization of
tracking error is transformed into optimizing the Q-filter. A de-
sign criterion that compromises between tracking performance
and closed-loop stability is developed for the Q-filter. This
method relaxes the constraints on an accurate model and does
not require extra sensors in comparison to existing feedforward
control strategies.

Our work has following major contributions:

® Weintroduce a high-bandwidth tip-tilt mirror to resolve the

contradiction between the vibration isolation performance
and tracking accuracy of the Stewart platform, achiev-
ing high-precision tracking under good vibration isolation
performance.

® We propose a model-following offloading strategy that

fully leverages the benefits of the high bandwidth con-
trol model of the tip-tilt mirror for the dual-stage im-
age stabilization system. Compared with the conventional
position-signal offloading strategy, the proposed strategy
reduces the difficulty of system decoupling. As long as
the bandwidth of the fine stage is much larger than that of
the coarse stage, the system is decoupled. Additionally, it
reduces reliance on additional position sensors, avoiding
decreases in tracking accuracy due to measurement errors.
® An error-based observation control method is presented
to enhance the tracking accuracy of CCD-based tip-tilt
control subsystem by designing of an appropriate Q-filter.
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Fig. 1. The control structure of the dual-stage control system based on position
signal-based offloading strategy.

This method relaxes the constraint on accurate model and
eliminates the requirement for extra sensors.

The remainder of this article is organized as follows. Section I
presents a detailed analysis of two types of offloading strategies,
including the position signal-based offloading strategy and the
model-following offloading strategy. Section III designs control
schemes for the CCD-based Stewart platform subsystem and
tip-tilt mirror subsystem. The error-based observation feedfor-
ward control method is introduced, mainly describing the imple-
mentation process, the performance analysis, and the parameter
design of Q-filter. In Section IV, the simulation and analysis
is presented. Section V conducts the experiments to verify the
proposed approach, and the experimental results are discussed.
Concluding remarks are given in Section VI.

II. THE OFFLOADING STRATEGY OF THE DUAL-STAGE IMAGE
STABILIZATION SYSTEM SYSTEM

This section presents two types of offloading strategies for
the dual-stage image stabilization system, including the posi-
tion signal-based offloading strategy and the model-following
offloading strategy.

A. The Position Signal-Based Offloading Strategy

The conventional dual-stage control system adopts the posi-
tion signal-based offloading strategy to implement the offloading
control, and the control structure is illustrated in Fig. 1. R(s)
represents the reference position information. Y'(s) is the output
information of the system. e~ represents the time delay of
the CCD. H,(s) is the decoupling controller. Gy, (s) and
Gste(s) are the control models of the fine subsystem (tip-tilt
mirror) and the coarse subsystem (Stewart platform), respec-
tively. Cttr, (s) and Clsye(s) are the position controllers of the
fine subsystem and the coarse subsystem, respectively. Defining
Mf (S) = Cttm(S)Gttm(S) and MC(S) = CSte(S)GSte(S)- The
closed-loop transfer function depicted in Fig. 1 is as follows:

(M (s) + Me(s) + My(s)Mec(s)H(s))e” ™
(14 My(s)eT*][1 + Mc(s)e~T*] + U

Gclose(s) =
ey

where U = e 75 M (s)M.(s)(Hs(s) — e T%). It can be seen
from (1) that the stability of the system is affected by the
decoupling controller H(s). The condition for the system to
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be a static autonomous system is
Hy(s)=eT® (2)
Combining (1) and (2) yields

(Mj(s) + Me(s) + My(s)Me(s)Ha(s))e ™™
(14 My (s)e"*][1 4 Me(s)e="?]

Gclose (3) -

3)

Since 1+ M. (s)e ¢ and 1 + M(s)e T* are the character-

istic polynomials of the coarse subsystem and fine subsystem,

respectively, the closed-loop stability of the dual-stage system

can be guaranteed if both coarse subsystem and fine subsystem

are stable. From (1), the error attenuation function illustrated in
Fig. 1 is depicted below.

1

E(s) = 1+ Mg(s)e Ts][1 + M (s)e T3] +U

“)

When the system is static autonomous, (4) is rewritten as
1

TR e e O
Here, FE.(s)=1/[14+ M.(s)e"T*] and E(s)=1/[1+

M¢(s)e T#] represent error suppression functions of coarse
subsystem and fine subsystem, respectively. Based on (5),
the indiscrimination degree of the dual-stage system is the
sum of indiscrimination degree of the coarse subsystem and
the fine subsystem. Therefore, the dual-stage system has a
significant improvement in the tracking accuracy compared
to the single-stage system. However, constructing an accurate
characterization of the CCD is challenging due to the severe
nonlinear behavior, which may destroy the system stability.
Besides, additional sensors are required to measure the position
of the fine subsystem so as to generate the input signal for
controlling the coarse subsystem. Thus a model-following
offloading strategy built upon the original strategy is proposed
in the following subsection to overcome these difficulties.

B. The Model-Following Offloading Strategy

The control structure of the dual-stage system based on
the model-following offloading strategy is depicted in Fig. 1.
Gitm (s) represents the estimation of the control model Gy, ().
As we can see, the strategy generates the following position
signal by combining the controller output with the model-based
estimation of the fine subsystem, which is offloaded into the
coarse subsystem. Therefore, extra position sensors are not
required. The closed-loop transfer function illustrated in Fig. 2
is given as follows (the dotted line means non-existence):

~ __(My(s) + My(s)Me(s))e ™™

Cotoe) = TE 6+ My ML)
L M)
[T By{s)e T [L+ Gy (o) Mo(o)e 7
where, Giy(s) = My (s)/[(1+ My(s))e ], NIy(8) =

Cttm(S)éttm(_S). Let Lo(s) =1+ My(s)e™ T and
Ll.(s) =1+ Gs(s)M.(s)e ", the zero-pole expressions
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Fig. 2. The control structure of dual-stage control system based on model-
following offloading strategy.

of L.(s) and L. (s) are depicted below.

[y (s+pi)

H;‘n:1 (s+a;) 7
ITiy (s+piten) TNy (5+Pa) )
[T72, (s+aj+2;5) Hgim+l (s+av)

L.(s) =
L'.(s) =

Here, p;(i € (1,n)) and ¢;(j € (1,m)) are zeros and poles
of L.(s), respectively. The introduction of ;(i € (1,n)) and
1;(j € (1,m)) brought by G/(s) causes changes in p; and
g;j. Compared to L.(s), pa(a € (n+1,N)) and gy(a € (m +
1, M)) are the added zeros and poles, respectively. From (7), the
condition for equation L.'(s) = [.(s) to hold is

g; — 0, inalli € (1,n)
A; — 0, inalli € (1,m)
min(q,) > max(g;),b € (m+1, M) (®)
MoCni (5+pa)
[T i (s+ae)
Combining (6) and (8) yields

L (My(s) + N (s) M(s))e "
Gclose(S) = — _ )
[1+ My(s)eTo][1 + Mc(s)e™T*]
According to (9), the stability of both the coarse subsys-
tem and the fine subsystem ensures the closed-loop stability
of the dual-stage system. The dual-stage system is statically
autonomous. From the frequency domain viewpoint, the band-
width of G ¢ () needs to be much higher than that of M, (s)e~*
to obtain (9). Since the bandwidth of G4 (s) is greater than the
closed-loop bandwidth of the fine subsystem, and the bandwidth
of M.(s)e~T# is smaller than the closed-loop bandwidth of the
coarse subsystem, then (9) holds if

bl

We

(10)

where, wy and w, are the closed-loop cutoff frequencies of the
fine subsystem and the coarse subsystem, respectively. As a
result, the closed-loop bandwidth of the fine subsystem must
be much higher than that of the coarse subsystem to be statically
autonomous for the dual-stage system.

Further analyze the stability of the dual-stage control system.
In order to facilitate the analysis, let M (s) = M(s) and ignore
the time delay e~7. It can be seen from (6) that the open-loop
transfer function is

Gopen(s) = (M (s) + My (s)Mc(s))e ™"

~ My(s) + My(s) Me(s) (11)
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Let F'(s) = 1_]‘\_4]\7{&8()9) rewriting (11) yields
_ M.(s) x My¢(s
Gopen(s) - ().F(S)f() (12)
Let
w
Alw) = (3)

Where w!, is the open-loop cutoff frequency of the coarse
subsystem. When A(w) is small, M.(s) > 1, and F(s) = 1.
When A(w) is large, M.(s) < 1, and F(s) = M.(s). Thus,
the open-loop transfer function of the dual-stage system can
be deduced

{Gopen(s) ~ M.(s) x My(s)(low frequency band) (14)
Gopen(s) = My (s)(medium - high frequency band)

Clearly, the stability of the dual-stage control system is consis-
tent with the stability of the fine subsystem in the medium-high
frequency band. Thus, when Z—:f >1 (w} is the open-loop cutoff
frequency of the fine subsystem), the dual-stage control system
has enough closed-loop stability margin.

The control mode of the fine subsystem usually has high
linear and high bandwidth. Let w, is the cutoff frequency of
the control model Gy, (s), we have

Wo f
wg

21 15)
Thus, the high-bandwidth control model can be regarded as
1 in the low-frequency band, we have

Grom (jw) ~ 1,w € (0, w,) (16)

It is obvious that the difficulty of system decoupling is re-
duced, and the controller output of the fine subsystem can be
directly offloaded to the coarse subsystem.

From (6), the error attenuation function in Fig. 1 is given as

_ 1

E(s) = - 17

(s) [14 Ms(s)e=Ts] [14 Gy(s)Mc(s)e T+] {17
Substituting (10) into (17) yields

B(s) ~ 1 _E(s) (18)

[1+ My (s)e "] [1 + Mc(s)e~ "]

According to (18), both offloading strategies exhibit the same
enhancement in error attenuation capability. In contrast to the
position signal-based offloading strategy, the model-following
offloading strategy reduces the difficulty of system decoupling
by leveraging the advantage of the high bandwidth of the con-
trol model. Moreover, it eliminates the need for extra position
sensors by utilizing the controller output to offload the fine
subsystem. Obviously, the model-following offloading strategy
is a significant improvement over the position signal-based
offloading strategy.

III. THE DESIGN OF THE CCD-BASED DUAL-STAGE
CLOSED-LOOP SYSTEM

In this section, we design the CCD-based Stewart platform
control subsystem and the CCD-based tip-tilt mirror control
subsystem.
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Fig. 3. The control scheme of the CCD-based Stewart platform subsystem.

A. The Design of the CCD-Based Stewart Platform
Control Subsystem

The fundamental control scheme for the CCD-based Stewart
platform tracking subsystem is to decouple the multiple-input-
multiple-output (MIMO) control into the single-input-single-
output (SISO) control using the Jacobi matrix Js [27]. Since
the motion of the optical axis is only related to the azimuth
and elevation axes of the Stewart platform, the decoupled CCD-
based tracking control scheme is illustrated in Fig. 3. R, and R,
represent the reference positions of the azimuth and elevation
axes, respectively. Dgyo is the decoupling matrix and consists
of the columns of .J corresponding to the azimuth and elevation
axes [28]. Cgie1(s) and Cgyea(s) are the controllers. From
Fig. 3, the outputs from Cg1(s) and Cisyeo(s) are decomposed
by Dgw«o to command the actuators of six struts.

B. The Design of the CCD-Based Tip-Tilt Mirror
Control Subsystem

1) The Conventional Control: The conventional control
structure of the CCD-based tip-tilt mirror control subsystem is
a feedback loop, which mainly consists of the controlled plant
of the tip-tilt mirror Gy, (), the position controller Cyyp, (),
and the time delay e~7*. The error attenuation function of the
control system is expressed as

1
1 + Gttm(s)Cttm(s)e*TS

According to (19), the closed-loop performance is determined
by the time delay e~7* if the controlled plant Gy, (s) is
fixed, which limits the control gain. The integral controller
Cim(s) = K/s is a perfect choice for the control system with
time delay. Considering the constraints of phase margin (PM)
greater than 45 degrees and gain margin (GM) greater than
6 dB, the cutoff frequency w.. of the open-loop transfer function
Goy = Citm(8)Giim(s)e~T* and the integral gain K can be
easily derived that K’ = w. = ;7. Because the open-loop char-
acteristic of the controlled plant G4, (s) can be approximated
as 1 in the low-frequency range due to a high natural frequency
up to hundreds of Hz, rewrite (19) as

1

m1,-Ts
1+ 775e

S:

19)

S = (20)

Based on (20), |S(jw)|w, = V2/2 results in wy = %,

which is the bandwidth of the error attenuation function. There-
fore, the control performance of the tip-tilt mirror is constrained
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R(s)

Fig. 4.  The control structure of the proposed error-based observation.

Fig. 5.

The control structure of the dual-stage image stabilization system.

by the time delay of the CCD. However, long exposure times
of the CCD are required to achieve a high signal-to-noise ratio
beneficial to image quality. Thus, low sampling rate and time
delay are unavoidable in the CCD-based control system to hinder
a good closed-loop performance.

2) The Error-Based Observation Control: An error-based
observation control method is proposed to relax the restraint
on the time delay for the tip-tilt mirror control subsystem, the
essence of which is a type of repetitive control [29], [30]. The
control structure of the proposed error-based observation is
shown in Fig. 4, where 1/G i, (s) represents the approximate
inverse of the controlled plant, e~ is the estimation of the time
delay, and Q(s) is the designed filter. Therefore, the control
structure of the dual-stage image stabilization system in this
articleis givenin Fig. 5. The error attenuation function illustrated
in Fig. 4 is as follows:

B 1—eT5Q(s)
o 1 + C’ttm(s)Gttm(s)e*Ts + A

Where A = (e T*Gm(s)G Lim(s) —e T)Q(s). If
(€ Giim (8)G Liim(s) — e T9)Q(s) = 0 is satisfied, due
to S~ (1 - eiTﬁC?(S))S7 if (eiTSGttnL(S)Gilttm(S) -
e T)Q(s) ~ 0, the closed-loop performance of the system
can be effectively improved by minimizing 1 — e 7°Q(s). As
a result, the key task of the error-based observation control
is how to optimize the Q(s). It is practically impossible to
arrive at € "G ()G Lim(s) —e T =~ 0 in the high
frequencies due to the uncertainty in the high-frequency model
of G (). Thus Q(s) needs to feature low-pass characteristics
to reduce the damage of unmodeled dynamics so as to make
(€ TGt (8)G L im (s) — e T9)Q(s) close to zero. From the

S

21
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closed-loop performance’s perspective, (Q)(s) should have as
high a bandwidth as possible. However, the case is opposite
against the system stability

a) Stability analysis: The closed-loop transfer function
illustrated in Fig. 5 is expressed as

G (s)= Citm (8)Geem(8)e™™ + Q(s)M(s)
T G () ane)e O]~ e 10

Here, M (s) = e ™*G .}, (5)Gtm(5). In order to ensure the
stability of the system, the poles of éclosed(s) must all be in the
left half of the complex plane. The corresponding characteristic
polynomial J(s) is as follows:

J(5) = 1+ Cetm(5)Grem (s)e™™* + [M (s) — ™ 7*]Q(s)
= (1+ Com(5)Gum(s)e ™) x (1+T(s))  (23)

where, T'(s) = (677:Gjléjf(s)(f)‘gjfs)(_s)if:s)@(s). As the original

feedback loop is stable, the stability of the closed-loop system
dependson 1 + T'(s). According to the small gain theorem, 7'(s)
needs to meet the condition in (24)

(e G it (8)Grem(s) — e T9)Q(s)
14 Citm(8)Giim(s)e T

<1

(24)
Here, 1/[1+ Citm(8)Grm(s)e "] is a high-pass filter.
(e ™G 11 (8)Giim (5) — e~ T%) is very close to zero below
the frequency at which an accurate plant model can be obtained.
Thus, (24) can be met if the following condition is satisfied (bd
is short for bandwidth):

T(8)]o =

oo

bd(Q(s)) < min bd{e”Gtt}n(s)Gmn(s) —e T

1

5 Coom (5)Grm () } @
It is shown that the bandwidth of Q(s) must not exceed that of
any of e "Gyl (8)Giem(s) — e 7% and 1+Cttm(s)émn(s)e*”'
However, the criterion of (25) does not take into account the
phase condition. To make the introduced error-based obser-
vation controller does not effect the stability of the system,
the phase margin of the open-loop transfer function G/, f(s) =
C'.(8)Gtm (s) should be enough. Here, C.(s) is expressed as

_ Cim(s) + Q(s)GyL (s)e™Ts

Culs) = TR S = My () M(s)
(26)

Where, M(s) = CttM(Cs'sz:t(?)gzif(sT)SQ(S) and Ms(s) =

170?,76(;&) The first term M7 is approximated as the inverse

of the closed-loop transfer function, and is very close to unit
one below the bandwidth of e~ "*Q)(s) or in the high-frequency
range if e 7°Q(5)|w < |Crtm(S)Gitm(8)|oo. Therefore the
major characteristic of the open-loop transfer function G;f(s)
is determined by Ms due to M; = 1. The constraint shown in
(27) needs to be satisfied in order to guarantee the closed-loop
stability.

arg [K (jw)] > 0 27)
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Here, K(s) = ﬁ@(s) In summary, Q(s) should be de-
signed to minimize 1 — e~ "*Q)(s) as much as possible when
(25) and (27) are met.

b) O-filter design: The filter Q(s) should feature low-pass
characteristics, which can decrease the destruction of high-
frequency non modeling characteristics on the closed-loop sta-
bility. A common low-pass filter is expressed as

m 2 ~k k
Q(s) — O77L( ) + 1
(gs +1)™

(28)

Here, m is the order, and ¢ is a tuning parameter that ap-
proximately determines the bandwidth of the low-pass filter.
Substituting e ™% =1+ 4 > (—7s)" into K (s) yields

1 (cs+1)™
K 29
(s) = T—eQ(s) (c8)™ + ()™ ' + ¢ @9
Where, ¢ = 320 (—7s)’ [ "2k (ss)F + 1} . There are

more than two pure differentiators for the denominator of K (s),
which means that it has larger than 180° phase loss at low
frequencies until closing to the cut-off frequency. From the
Bode diagram, the phase margin of the open-loop transfer
function with error-based observation control G, ; will be less
than zero, leading to the closed-loop system instability. From
the phase margin’s perspective, the condition for the system
being stable is that (27) must be achieved. Ignoring the term

p=13% (~7s) {ZZZQQ Ck (ss)" + 1] , the phase condi-
tion of the system is easily derived below.
-1
(m) arctan(sw,) > % (30)

Based on (30), it can be seen that the cut-off frequency 1/¢ of
Q(s) decreases with the increasing order m. Compared to the
original feedback loop, the enhancement of the closed-loop per-
formance with the error-based observation control is expressed
below

1 9"+ ()™ +9
K(s) (cs+1)™

€1V}

As is seen from (31), the closed-loop performance can be
improved by increasing the bandwidth and the order of Q(s).
Unfortunately, excessive bandwidth and order of Q(s) will
destroy the phase condition expressed in (30), leading to system
instability. Therefore, the design of Q(s) filter must be with
a compromise between tracking performance and closed-loop
stability. As a matter of fact, the low-frequency performance
is enhanced by more than 20 dB as the order increases by
one, while the bandwidth of 1/K(s) reduces. Compared with
the high order, the low order can obtain high-bandwidth error
attenuation improved by 1/ K (s) and reduce the maximum value
of 1/K (s), but the enhancement at low frequencies is weaker. It
is obvious that the parameter design of ()(s) filter is challenging
due to the paradox between the closed-loop performance and
stability. The third-order low-pass filter Q3(s) is the preferable
implementation of (28) in terms of low-frequency attenuation

IEEE PHOTONICS JOURNAL, VOL. 16, NO. 4, AUGUST 2024

and stability, as expressed below.
3¢s+1
Qs(s) = ——
(¢s 4+ 1)°

To compare the contribution of the simple first-order low-pass
filter Q1 (s) = gs+1 and the Q3(s) filter, we have

(32)

1—Q(s)e™ ™
U= ——F—7-—+—"— (33)
1—Qs3(s)e s
The time delay e~ 7* can be approximated as e~ ™* = —=
when 7 < 1. Rewriting (33) as follows:
(3¢5 +1)/(cs + 1)3} [1/(rs+1)]
U= (34)

—[1/(cs+ 1) [1/(rs + 1)]

In general, we only focus on the improvement at low fre-
quencies, which implies s = jw and w — 0. Neglecting the
high-order terms of s(jw) to simplify the above equation, we
have

Y Ts[(T+¢)s + 1] T
melul%[(3§+7)s+1] [(T+¢)s] T4

It is obvious that T%rg < 1, which indicates that the third-
order low-pass filter QQ3(s) has an extra bonus for the closed-
loop performance in comparison with the simple filter Q1(s).
Combining w, = - and (30), the roubst stability of the control
system based on error-based observation requires ¢ > 0 form =
1 and ¢ > 2.20547 for m = 3, which restricts the bandwidth of
the low-pass filter.

(35)

IV. SIMULATION AND ANALYSIS

The time delay 7" is 0.04 s (two times the CCD sampling
time). Thus K = 5755 results in Cytp, (5) = 57e;- The Stewart
platform with vibration isolation capability can be regarded
as a low-pass filter, and the cutoff frequency is about 1.5 Hz.
Following the criteria of GM > 6 dB and PM > 45°, con-
trollers Clsse1(s) and Csyea(s) can be designed as Clgyer(s) =
Cstea(s) = (0.37s +4)/s. According to the model parame-
ters, the open loop nominal response of the tip-tilt mirror
is Gyt (s éo 100090955 +1) (1. 01%68807524-0 o00573551) 111 Thus,
the amphtude requency responses of the Stewart platform and
tip-tilt mirror control subsystems are shown in Fig. 6. The blue
curve represents the open-loop response of the tip-tilt mirror.
From Fig. 6, w"ff =61.25 and =L =25.4 can be obtained,
satisfying (10) and (15). Obv10us1y, the estimation of the control
model Gy, (jw) can be regarded as 1, and the model-following
offloading strategy can be effectively applied to the dual-stage
image stabilization system consisting of Stewart platform and
tip-tilt mirror.

Substituting ¢ = 0.2 and 7 = 0.04 into (31) yields Fig. 7,
which shows the Bode responses of 1/K (s) with m =1 and
m = 3. According to (35), we have

T 0.04

U= —15dB
T+ T 004+02

which shows agreement with the simulation results described
in Fig. 7. From Fig. 7, the term 1/K(s) enhances the error

(36)



WU et al.: IMAGE STABILIZATION OF A MODEL-FOLLOWING DUAL-STAGE SYSTEM WITH CHARGE-COUPLED DEVICE MEASUREMENT

Bode Diagram

10 T
0 — 1
-1 0 = -
o
S 20t 1
)
°
2
S -30 - 1
[+
=
40 AN
The open-loop frequency response of the tip-tilt mirror
50 - The closed-loop frequency response of the tip-tilt mirror |
The open-loop frequency response of the Stewart platform
The closed-loop frequency response of the Stewart platform
60 I I I |
102 107 10° 10’ 102
Frequency (Hz)
Fig. 6. The amplitude frequency responses of the Stewart platform and tip-tilt

mirror control subsystems.

N
o

|
I
|
|

N
S
\

\

Magnitude (dB)
&
\
\

=)
S

-80
180

135} 1
F——

45 2y

Phase (deg)
/

-45 L L
107 102 107" 10° 10° 102
Frequency (Hz)

Fig. 7. The Bode responses of 1/K (s) withm = 1 and m = 3.

attenuation by more than —10 dB below the frequency of 0.2 Hz,
and compared to the first-order filter Q1 (s), the third-order filter
Qs(s) further enlarges the attenuation by —15 dB below the
frequency of 0.03 Hz.

The Bode responses of the error attenuation function in
different situations are shown in Fig. 8. The blue line repre-
sents the Bode response of the error attenuation function in
the Stewart platform control subsystem. It is apparent that the
dual-stage control system has a significant improvement on
error attenuation in comparison with the single-stage control
system. Furthermore, compared with the original feedback loop,
the proposed error-based observation control method can ef-
fectively enhance the closed-loop performance. Moreover, the
third-order low-pass filter Q3(s) provides an extra bonus in
performance compared to the simple filter 1 (s). Additionally,
Fig. 9 compared the traditional position signal-based offloading
strategy with the proposed model-following offloading strategy,
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and the results indicate that both strategies exhibit the same error
attenuation capabilities, consistent with (8).

V. EXPERIMENTAL VERIFICATION

To verify the effectiveness of the presented approach, an
experimental setup implementing the dual-stage image stabi-
lization shown in Fig. 5 is built in Fig. 10. The light source
is used to simulate the target. The CCD and the tip-tilt mirror
are mounted on the cubic Stewart platform. The CCD detects
the light spot and provides the LOS error through the image
processing system. The tip-tilt mirror has a small stroke range
of +1mrad. However, the Stewart platform features a larger
stroke range at +15.4625mrad. Additionally, the CCD has a
sampling rate of 50 Hz, and the working frequency of the
dual-stage system is 10 KHz. Note that this article only presents
the experimental results of azimuth axis due to the similarity.
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A. The Model-Following Offloading Strategy

To validate (10) and (15), the amplitude frequency responses
in different situations for the dual-stage system are depicted
in Fig. 11. The red curve represents the amplitude frequency
response of the Stewart platform with vibration isolation capa-
bility, indicating that the bandwidth of the Stewart platform is
1.07 Hz. The cut-off frequency of the tip-tilt mirror is 241 Hz,
and the closed-loop bandwidth of the tip-tilt mirror control
subsystem is 3.5 Hz. Thus, £ > 1 and 2—7 > 1, satisfying
(10) and (15), with condition (16) also being met. As a result,
the model-following offloading strategy can be employed in this
dual-stage system.

The target trajectory R(s) is a sinusoidal signal 6 = A x
sin(27 ft) with amplitude A and frequency f. Let the sinusoidal
trajectory be 6 = (0.9499 X sin(2 x 7 x 0.01 x t))(mrad),
Fig. 13 illustrates the controller output of the tip-tilt mirror
before and after offloading. Clearly, compared to the case
without offloading, the controller output decreases by 92.6%
when the tip-tilt mirror is offloaded onto the Stewart plat-
form, indicating that the offloading control is achieved. Besides,
Fig. 13 shows the maximum tracking angle before and after
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offloading, represented by the pixel coordinates. The maxi-
mum angle before offloading is +0.9499mrad, and it can be
increased to +3.2815mrad when the offloading control is im-
plemented.Therefore, the offloading control can increase the
tracking range of the system.

B. The Model-Following Dual-Stage Tracking Control

The experiment is to validate the effectiveness of the dual-
stage control system in improving tracking accuracy. The am-
plitude of the tracking signal A is 0.9499mrad, and the frequen-
cies of the tracking signal f are 0.01 Hz, 0.03 Hz, 0.05 Hz,
0.08 Hz, and 0.1 Hz, respectively. The resulting errors with the
Stewart platform subsystem, tip-tilt mirror subsystem, and the
dual-stage system are demonstrated in Fig. 14. The blue curve
represents the resulting error only using the Stewart platform
subsystem. It can be seen from Fig. 14 that the dual-stage
system has better error attenuation capability compared with the
single-stage system below 0.1 Hz. Thus, the dual-stage system
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proves to be effective in enhancing tracking precision. Besides,
to validate the superiority of the proposed offloading strategy
over the traditional one in improving accuracy, strain gauge
sensors (SGS) are utilized to measure the position signal of the
Tip-tilt mirror, where temperature-induced zero drift may intro-
duce measurement errors. Let the sinusoidal trajectory be 6 =
(0.9499 x sin(2 x 7w x 0.01 x t))(mrad). The resulting errors
of the traditional and proposed offloading strategies are shown
in Fig. 15, with RMS errors of 0.5505mrad and 0.4982mrad
respectively. Obviously, the proposed method achieves higher
tracking accuracy.

C. The Error-Based Observation Control

The experiment aims to validate the improvement in
closed-loop performance introduced by the error-based
observation control. In order to facilitate a better comparison,
the tracking trajectory is kept the same as in Section V-B.
Fig. 16 shows the resulting errors of classical feedback
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control and error-based observation control with Q1(s) and
Q3(s). The blue curve represents the resulting error using
classical feedback control with an integral controller. It
is evident that the error-based observation control method
exhibits significant improvement below 0.1 Hz compared to the
classical feedback control. Moreover, the third-order filter Q3 is
more efficient than the first-order filter ();. Additionally,
let the target trajectory be a mixed-frequency signal
0 =(0.22 x sin(2 x ™ x 0.01 x ¢) +0.22 x sin(2 x 7 x
0.03 x t) +0.22 x sin(2 x 7 x 0.05 x ¢) + 0.44 x sin(2 x
mx0.08 xt) 4+ 0.44 x sin(2 x 7w x 0.1 x t))(mrad). Fig. 17
presents a comparison of the resulting errors in the time
domain and frequency domain when using classical feedback
control and error-based observation control with @Q1(s) and
Q3(s), which further confirms the efficacy of the error-based
observation control method.

The root-mean-square (RMS) errors of Figs. 14 and 16 are
listed in Table I. Table I indicates that at 0.01 Hz, the error
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TABLE I
THE RMS ERRORS

Tracking

frequency (Hz) RMS of arcsec (")

Stewart platform
0.01 0.7134
0.03 1.9457
0.05 3.9174
0.08 7.5626
0.10 11.9820

Tip-tilt mirror
0.6383
1.6956
33076
5.6041
6.8217

Dual stage with I
0.3332
0.4929
1.4823
3.2416
3.9842

Dual stage with Q;  Dual stage with Qs
0.3255 03156
0.3945 03417
0.9875 0.6908
22901 1.5810
2.8820 1.8620

attenuation of the dual-stage system using classical feedback
control has reached its limit, and there is no significant im-
provement with the error-based observation control. However,
in the frequency range from 0.03 Hz to 0.1 Hz, error-based ob-
servation control exhibits enhanced error attenuation compared
to traditional feedback control. Additionally, the error-based
observation with Q3(s) shows extra improvement compared to
the error-based observation with (1 (s).

D. Discussion of Experimental Results

To validate the effectiveness of the model-following of-
floading control strategy proposed, three experiments were
conducted. In the subsection A, the experimental results demon-
strated that the constructed dual-stage system satisfies decou-

pling conditions - > 1 and 71 > 1. Additionally, after

offloading, the workfing range increased from 0.9499mrad to
3.28mrad. In the subsection B, the dual-stage control system’s
ability to enhance tracking accuracy is verified. When the tar-
get motion frequency is between 0.01 and 0.1 Hz, compared
to using only the Stewart platform, the error attenuation rate
under dual-level control exceeds 53%. In the subsection C,
the experiment was conducted to validate the effectiveness of
the error-based observation control method. The target motion
frequency is set the same as in subsection B. Compared with
PI controller, the error-based observation control method can
improve the tracking accuracy, and the Q3(s) filter has a better
enhancement compared to Q(s) filter. However, when the
frequency is 0.01 Hz, the RMS of the closed-loop errors under
different situations is essentially equal. This is because of system
noise, and error attenuation has reached its limit. However,
the proposed model-following offloading strategy has certain
limitations. The closed-loop bandwidth of the fine stage must
be significantly greater than that of the coarse stage. Otherwise,
equation L.(s) = L.'(s) does not hold, and system stability
cannot be ensured when both the fine and coarse stages are
individually stable.

VI. CONCLUSION

This article develops a dual-stage image stabilization system
based on the model-following offloading strategy to improve the
tracking performance for space optical payloads. We compared
the conventional position signal-based offloading strategy with
the model-following offloading strategy. It is evident that the im-
proved model-following offloading strategy, by utilizing model-
based estimation, not only reduces the difficulty of system
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decoupling but also eliminates the requirement for additional po-
sition sensors. Furthermore, a novel CCD-based control scheme
is devised to solve the coupling issue of tracking control for
the Stewart platform subsystem, and an error-based observation
control method is presented to compensate the time delay of the
CCD for the tip-tilt subsystem. In the error-based observation
method, due to being plugged into the original feedback control
loop, a high gain to the control system can be achieved by
optimizing the Q-filter. We focused on the implementation of the
error-based observation control method, the analysis of stability,
and the parameter design of the Q-filter. Although the control
bandwidth is not expanded with this method, the error attenu-
ation at low frequencies is enhanced. The experimental results
of the dual-stage image stabilization system demonstrate the
effectiveness of the presented approach. Due to a straightforward
structure and implementation, this method can be extended to
other high-performance servo control systems that rely solely
on position error. In the following work, we will explore the
parallel filter to optimize the Q-filter.
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