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A review on control methodologies of
disturbance rejections in optical telescope
Tao Tang1,2, Shuaixu Niu1,2,3, Jiaguang Ma1,2, Bo Qi1,2*, Ge Ren1,2, and
Yongmei Huang1,2
Structural vibrations in Tip-Tilt modes usually affect the closed-loop performance of astronomically optical telescopes. In
this paper, the state of art control methods—proportional integral (PI) control, linear quadratic Gaussian (LQG) control,
disturbance feed forward (DFF) control, and disturbance observer control (DOBC) of Tip-Tilt mirror to reject vibrations are
first reviewed, and then compared systematically and comprehensively. Some mathematical transformations allow PI,
LQG, DFF, and DOBC to be described in a uniform framework of sensitivity function that expresses their advantages and
disadvantages. In essence, feed forward control based-inverse model is the main idea of current techniques, which is
dependent on accuracies of models in terms of Tip-Tilt mirror and vibrations. DOBC can relax dependences on accuracy
model, and therefore this survey concentrates on concise tutorials of this method with clear descriptions of their features
in the control area of disturbance rejections. Its applications in various conditions are reviewed with emphasis on the
effectiveness. Finally, the open problems, challenges and research prospects of DOBC of Tip-Tilt mirror are discussed.
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Introduction
Disturbance rejection is one of the hottest topics in the
high-performance servoing control areas1–5. Optical telescopes also face this issue, because the telescopes’ imaging
quality and their ability to observe faint stars at the diffraction limit is limited by the disturbances induced by
wind shaking, equipment vibration and platform vibration6−10. High control bandwidth is the simplest method
to reject vibrations. However, long integration time of the
image sensor is always required for a high signal to noise,
which restricts the closed-loop control bandwidth.
Therefore, the vibrations induced by telescope structures
could not be fully compensated by classical control
loops11,12. If disturbances are measurable, it is obvious that
a disturbance feedforward control strategy is the most
effective way to attenuate them13–15. Although the structural vibrations can be directly measured by extra inertial
sensors, it is difficult to extract useful information to

control the Tip-Tilt mirror. Furthermore, the estimation
accuracy of disturbance using inertial sensors is affected
by random drifting. To overcome these difficulties, one
intuitive idea (called based-model control) for estimating
disturbances through known variables to reject vibration
is proposed, such that the disturbances can be compensated by the estimations rather than other sensors. These
based-model control techniques are attractive in many
practical scenarios, such as spacecraft, airplanes, vehicles
and other platforms, due to its simplification and effectiveness. Related works are organized as follows. Frequency-based design of Modal-Control16 is presented to
reduce the effects of distortions in ground-based telescopes. Simulations show that the proposed approach is a
promising technique to improve the performance of the
closed-loop control system. An adaptive control algorithm17,18 to reject vibrations is developed and adapted to
the complex control architectures. This adaptive vibration
cancellation algorithm was integrated into a telescope
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currently operating at the European Southern Observatory in Chile and verified experimentally. Recently, some
popular controllers focusing on Linear Quadratic Gaussian (LQG) control laws or using H∞/H2 synthesis methods19–22 have been successfully implemented. Existing
experiments demonstrate that LQG control can achieve
better on-sky performance than a feedback integrator
controller in the condition of the optimally identified
process model. As far as these techniques are concerned,
the control model and the disturbance model play a crucial role in the Tip-Tilt control system. Large model errors usually deteriorate the closed-loop performance, and
evenly cause the instability of the control system. Therefore, model identification is the priority when these
methods are deployed. Although the control model of the
Tip-Tilt mirror exhibits good linearity in the
low-frequency domain, the middle-frequency or
high-frequency nonlinearities and dynamics cause difficulties in model identification, resulting in hindering to
reject the middle-frequency or high-frequency disturbance.
To relax these conditions, the disturbance observer
control23–27 is reviewed and discussed for Tip-Tilt mirror
control system in this paper. Furthermore, the error-based DOBC controller28–31 of Tip-Tilt mirror only
based on CCD is proposed here. It can be plugged into an
existing feedback loop that leads to a generalized version
of 1–Q (Q is the designed filter) brought in the numerator of the original sensitivity function, resulting in the
overall sensitivity function equal to zero in theory at the
expected frequencies. To suppress different kinds of vibrations, relevant new Q-filters are also optimized to reject low-frequency and high-frequency disturbances. In
frequency domain, the error-based DOBC with the improved Q-filters are analyzed in details, and its design
procedure and implementation are also introduced. The
remainder of this paper is arranged as follows: firstly we
present a detailed introduction to conventional proportional integral (PI) control of the Tip-Tilt mirror and give
a brief introduction to LQG controller as well as disturbance feedforward (DFF) controller. Secondly, the new
error-based DOBC is proposed, which analyzes its characteristics, gives design process, and also sets up simulations and experiments to testify the error-based DOBC of
Tip-Tilt mirror. And then, a new repetitive control32–34
based DOBC is proposed. Eventually, we give the conclusions.

Conventional control of Tip-Tilt mirror
The optical configuration of the Tip-Tilt mirror system28,29 in the astronomical telescope is illustrated in Fig.
1(a), mainly including image sensor, splitter mirror, control unit, Tip-Tilt mirror, adaptive mirror, and image
processing unit. The image sensor can detect the Tip-Tilt
error caused by the telescope's structural vibrations. The
classical control structure of the Tip-Tilt mirror is briefly
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demonstrated in Fig. 1(b).
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Fig. 1 | Schematic view of the Tip-Tilt mirror system. (a) Typical
configuration of Tip-Tilt mirror system. (b) A typical control structure.

G(s) is the controlled plant, and C(s) is the PI controller.
The time delay e  τs represents the time delay of the
control system. D(s) represents the disturbances. R(s) is
the target trajectory, and Y(s) is the output. E(s) is the
Tip-Tilt error provided by the image sensor. The
close-loop error attenuation function SR (s) and disturbance attenuation function SD (s) are expressed below respectively.
E (s )
1

R(s) 1  C (s)G(s)e  τs
Y (s )
1

SD (s) 
D(s) 1  C (s)G(s)e  τs

SR (s) 

,

(1)
.

(2)

The Tip-Tilt mirror open-loop nominal response can
be expressed as follows
1
1
G(s )  2
.
(3)
Te s  1
s
ξ
 2 s 1
ωn
ωn2
The natural frequency of Tip-Tilt mirror is usually up
to kHz, and the damping factor ξ is much smaller than 1,
leading to G(s)  (Te s  1)1 . If the resonance frequency
is low, a control strategy based on zero-pole cancellation35
is proposed to extend control bandwidth due to the stability of mechanical characteristic. Defining wc as the
crossover frequency and wg as the gain frequency of the
open-loop transfer function Gopen (s)  C(s) G(s) , Eq. (4)
can be obtained according to the definition of phase margin and gain margin
π

P (jwc )  1
arg[P (jwc )]  ,
4
. (4)

20lg P (jwg )  6 , arg[P (jwg )]  π

Based on Eq. (4), we can derive that wc  π / 4τ and
wg  π / 2τ . As a result, the controller can be expressed as
follows:
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π Te s  1
.
(5)
4τ s
This controller can stabilize the plant with phase margin no less than 45 degrees and magnitude margin more
than 6 dB. Substituting Eq. (5) into Eq. (1), we can have
1
Sˆ 
.
(6)
π 1  τs
1
e
4τ s
From Eq. (6), |Sˆ(jw )|w wc  2 / 2 results in
wc  π 2 /( 4τ ) , which is the bandwidth of sensitivity
function. Thus, the control performance of the Tip-Tilt
mirror is restricted by the time delay of the image sensor.
C (s ) 
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additional inertial sensors such as accelerometers at the
telescope structure and the vibrations are reconstructed
by established filter techniques. The reconstructed signals
are used feedforward for controlling the Tip-Tilt mirror
loop. The basic control structure is shown in Fig. 3.

ACC
DFFcontroller

Error, e

Linear quadratic Gaussian (LQG) controller
From above analysis, the closed-loop performance is restricted by linear PI controller due to a low bandwidth.
For a linear control system driven by additive white
Gaussian noise, the linear-quadratic-Gaussian (LQG)
control problem36,37 is to determine an optimal control
law in the sense of minimizing the expected errors. The
basic LQG control structure of Tip-Tilt mirror is depicted
in Fig. 2.
Error, e
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Fig. 2 | LQG control structure of Tip-Tilt mirror.

The closed-loop performance of LQG control is dependent on the optimal controller, which is determined
by the estimator. The key process in design LQG control
is to choose an optimal metric to evaluate the performance. The accuracy of vibrations model plays an important role in the metric. Therefore, many works about
LQG controller concentrate on model identifications in
the Tip-Tilt control system. Although LQG controller is
implemented in discrete-time domain, the closed-loop
transfer function of Tip-Tilt mirror with the LQG controller can be obtained easily through bilinear transformation when the optimal controller is determined by the
estimator.

Disturbance feed forward (DFF) controller
It is unavoidable for image sensors to induce time delay,
resulting in low control bandwidth to limit vibration rejection, so other sensors independent of image sensors
are added to measure vibrations directly so that a disturbance feed forward controller is implemented to eliminate vibrations37. Firstly, the vibrations are measured by

−

PI
controller

Tip-Tilt
mirror

Fig. 3 | DFF control structure of Tip-Tilt mirror.

The transfer function of the Fig. 3 can be derived as
follows:
C(s)G(s)e  τs
1  DFF (s)G(s)
Y (s ) 
R(s) 
D(s) . (7)
 τs
1  C(s)G(s)e
1  C(s)G(s)e  τs
The vibrations can be totally cancelled under the following condition:
1
.
(8)
DFF (s) 
G( s )
Obviously, this perfect condition cannot be satisfied
due to model errors existed in the Tip-Tilt control system.
Although the partial compensation of Eq. (8) is effective
to low-frequency vibrations, the final performance is directly affected by the reconstructed accuracy of vibrations.
In fact, DFF is effective only with vibrations generated by
the optical platform. However, these disturbances can
occur at any point along the optical link due to structural
flexibility, and therefore could not be reconstructed precisely to feedforward control of the Tip-Tilt mirror.

Disturbance observer control (DOBC)
To avoid complexities of extra load on the Tip-Tilt control system, the DOBC is proposed to improve the
closed-loop system. In comparisons with LQG controller,
this new method can enhance the original PI control system without deteriorating stability. Furthermore, the control system in the DOBC mode can obviously exhibit the
open-loop and closed-loop characteristics in frequency
domain. Fig. 4 shows the conventional DOBC structure25,26. Q(s) is the designed filter. The inverse of the con1
trol plant G(s) is described by G m ( s ) . In the image
sensor-based control system, the position sensor Y(s)
cannot measure the disturbance D(s) directly. Thus, a
new control block diagram29,30 in the presence of the disturbance is proposed in Fig. 5.
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general form of low-pass filters can be described as follows:
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Fig. 4 | Conventional DOBC structure of Tip-Tilt mirror.
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Fig. 5 | Error-based DOBC structure of Tip-Tilt mirror.

The new closed-loop sensitivity transfer functions illustrated in Fig. 5 can be expressed as follows:
1  Q( s )
SR (s) 
(9)
 τs
1  C(s)G(s)e  (e τs G(s)Gm1 (s)  1)Q(s)

Bode diagram
Magnitude (dB)

0

1  Q( s )
. (10)
1  C(s)G(s)e  (e  τs G(s)Gm1 (s)  1)Q(s)
SR (s)  [1  Q(s)]SR (s) and SD (s)  [1  Q(s )]SD (s ) can
be obtained if [e  τs G ( s )G m 1 ( s )  1]Q ( s )  0 . In this
control mode, the main objective is to make 1  Q(s)
close to zero at the disturbance frequencies, and meanwhile, not to deteriorate the closed-loop performance of
the original control system. The characteristic polynomial
W (s) of the closed-loop system can be expressed as
SD (s) 

 τs





W (s)  1  eηs C(s) G(s)  Gm1 (s) G(s)  1 Q(s)






G ( s ) G( s )  1 Q ( s ) 
 , (11)
 1  e ηs C(s) G(s)  1 

1  e ηs C(s) G(s) 


Because the original feedback system is stable, it implies that the stability condition of the closed-loop control
system has to satisfy the following condition according to
Small Gain Theorem:





G

1
m

1
m



( s ) G( s )  1 Q ( s )

1 .

 ηs

1  e C ( s ) G( s )

 Cmk (τs)k  1

k 2

.
(13)
(τs  1)m
The general filters of Eq. (13) are subject to the orders
of the filter and the time delay. Q31-filter39,40 is considered
as an optimal low-pass filter for the closed-loop performance in terms of bandwidth and robustness. τ  15η is
an optimal parameter of Q31-filter to make the phase
margin and magnitude margin of the open-loop transfer
function being robust.
There is an example of the Tip-Tilt mirror that compares Bode responses of the sensitivity functions in the
modes of the PI and the DOBC controller in Fig. 6. The
sampling frequency is 2000 Hz, and the time delay approximates with 0.0015. Obviously, Fig. 6 shows that the
DOBC controller can achieve an extra improvement below the frequencies of 10 Hz.
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Fig. 6 | Bode response of the sensitivity function with I and
QL(s).

From Fig. 7, the DOBC with the low-pass filter is verified effectively to mitigate the low-frequency disturbances.

(12)



Frequency based design of Q-filter
Low-pass filter
Without doubt, the Q-filter could be designed as a
low-pass filter26, because the disturbance to be rejected is
usually with low or medium frequency, whereas the sensor noise is with medium or high frequency. Therefore,
the error-based DOBC is able to estimate the disturbance
and uncertainty in a low and medium frequency range
but filter out the high-frequency measurement noise. The
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Fig. 7 | The closed-loop Tip-Tilt errors.
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Band-pass filter
High rejection bandwidth in the low-pass filter control
mode could be limited due to the stability condition of Eq.
(8), leading to no mitigation of high-frequency disturbances. To overcome this problem, another way of canceling disturbances29 is expressed as follows
[1  Q(s)]D(s)  0 .
(14)
Suppose that the disturbance D(s) can be defined as:
k

(15)

where wi is the i-th disturbance with the maximum amplitude of A i , and φ( jw , wi )  1 . When [1  Q(s)] 
k
s2
 ( 2  1) , we can derive that
i 1 wi
k

[1  Q(s)]D(s)   (
i 1

s2
 1)D(s)  0 .
wi2
k

The above condition is impractical, because  (
i 1

(16)

20
0

s2
 1)
wi2

Magnitude (dB)

i 0

2.093e  4s2  1.447e  5s  1
, (21)
2.093e  4s2  0.002894s  1
5.234e 5s 2  7.234e  6s  1
ESF3 (s) 
. (22)
5.234e  5s 2  7.234e  4s  1
As can be seen in Fig. 9, the 6-order notch filter shown
in Eq. (19) is designed at the centered frequencies of 6 Hz,
11 Hz, and 21 Hz respectively. As a result, Q(s) is a
band-pass filter.
The correction results are given in Fig. 10. The
closed-loop errors are 2.32 rad RMS and 0.63 rad RMS
respectively. In the DOBC mode, the RMS errors are less
than 30% of that in the original loop. Peak disturbances
still appear at 6 Hz, 11Hz and 21 Hz in the PI control
mode, while they disappear in the DOBC mode.
ESF2 (s) 

is non-causal, and cannot be implemented in a digital
control system. A proposed filter to reconstruct Eq. (16)
can be designed, and its extra sensitivity functions ESF(s)
can be expressed as follows:
s2
s
 ζi
1
k
wi
wi2
, (17)
ESF (s)  1  Q(s)   2
s
i 1 s
 αi ζ i
 βi
wi
wi2

 s2
 k  s2

s
s
 αi ζ i
 1    2  ζi
 1
2
wi
wi
i 1 w
 i 1  wi
 . (18)
  i
k  s2

s
  2  αi ζ i  1 
w
w
i 1  i
i

k



From Eq. (18), there is one differentiator in the numerator of Q(s), and meanwhile Q(s) features a low-pass
characteristic since its relative degree is one. Therefore,
the Q(s) is a band-pass filter. In a below example, the
open-loop vibrations are shown in Fig. 8 that include
multiple peak areas.
Due to three areas of energetic vibrations existing in
the high frequency, ESF(s) can be designed as follows
ESF(s)  ESF1 (s)  ESF2 (s)  ESF3 (s)
, (19)
Where,

ESF1 (s) 

0.000659s 2  2.567e  5s  1
,
0.000659s 2  0.0154s  1

(20)
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Fig. 8 | Spectra of Tip-Tilt vibrations.

Phase (deg)

here, the three parameters follow that αi  0 , 1  ζi  0 ,
βi  0 . With the filter expressed in Eq. (17), disturbances
can be reduced approximately to  ik0 Ai / αi . Q(s) characterizes a band-pass filter, which can be expressed below.
s2
s
 ζi
1
2
k
wi
wi
Q(s )  1   2
s
i 1 s
 αi ζ i
1
wi
wi2
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Fig. 9 | Bode response of Q(s) and ESF(s).
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Fig. 10 | Spectra of Tip-Tilt vibrations in DOBC mode.
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Repetitive control of Tip-Tilt mirror
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2  2cos(w / N )
.
(27)
1  α2  2α cos(w / N )
The maximum value of Eq. (27) at the frequencies of
w  π  2 k π (k  0,1, 2,) is 2, which implies that the
worst amplification is amplified by 2. Reversely, if α is
assigned a large value close to 1, the magnitude of the Eq.
(27) is equal to 1. According to Bode’s integral theorem,
the amplification of nonperiodic disturbance can be reduced with the increase of α, while the disturbance reduction is also decreased. This phenomenon can be exhibited in Fig. 12.
2

EIRC (e  sT ) 

(25)
The maximum value of Eq. (25) is equal to 2. The
magnitude response of Eq. (25) is shown in Fig. 11,
showing waterbed effect at nonperiodic frequencies.
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Fig.12 | Bode response of the Eq. (26).

The Q-filter of the IRC is derived below
QIRC (e  sT )  1  EIRC (e  sT )

Bode diagram

(1  α)e sNT q(e  sT , l )
.
(28)
1  αe  sNT q(e  sT , l )
In this section, a design example of the Tip-Tilt mirror
under the condition of structural vibrations is exhibited.
The sensitivity transfer functions of the Tip-Tilt mirror
with IRC, CRC and I (integrator) are shown in Fig. 13.
The benchmark line in blue is the closed-loop rejection
with I controller, of which the rejection bandwidth is
about 80 Hz, and no more than -20 dB suppression at the
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Fig. 11 | Bode response of the Eq. (25).

For relaxing disturbance amplification at the
nonrepetitive frequencies, we proposed an improved repetitive controller (IRC), and the new extra sensitivity
function is given below
1  e  sNT q(e  sT , l )
E IRC (e  sT ) 
, α  [0,1] . (26)
1  α e  sNT q(e  sT , l )
Due to q (e

 sT

, l )  q (e , l )  1 below the frequency
sT

of wc , the | EIRC (e  sT ) |2 is simplified as

Magnitude (dB)

-45

Phase (deg)

Magnitude (dB)

-40

-90

ECRC (e  sT )  1  e  sNT q(e  sT , l ) .

Phase (deg)

0
-20

-80
90

al 1e  s (l 1)T  al e  slT
,
(24)
here l is a positive integer, and the coefficients meet
2(al  al 1  a1 )  a0  1 . In the CRC mode, the extra
sensitivity function is given

20

Bode diagram

20
Magnitude (dB)

Q-filter design and performance analysis
The classical repetitive controller (CRC) is expressed as
follows:
QCRC (e  sT )  e  sNT q(e  sT , l ) .
(23)
sT
A low-pass filter q(e , l) is used to block
high-frequency noise and imperfect dynamics. The
low-pass filter is usually designed as a zero phase filter as
follows:
q(esT , l)  al eslT  al 1es(l 1)T  a0  

Phase (deg)

In this chapter, a learning-type control strategy called
repetitive control is applied to a new Q-filter for coping
with unknown disturbances. An improved Q-filter41
based on moving average filter is proposed to reduce the
waterbed effect, which implies that additional gain amplifications can be mitigated between both periodic frequencies in comparison with conventional repetitive controller.
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Fig. 13 | Sensitivity function responses in frequency domain.
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basic frequency of repetitive disturbance. IRC rejects the
vibration peak with slightly magnifications of other frequencies, leading to an efficient improvement.
Figure 14 shows the correction results in three different
kinds of controllers. The resulting Tip-Tilt errors are 1.28,
0.91 and 0.66 rad RMS respectively with I, CRC and
IRC. The CRC has reduced Tip-Tilt error at the steady
state, less than 72% of the original error, while in IRC
mode the error is about 52% of the original error. The
spectra are shown in Fig. 15 when the repetitive controllers are employed. The peak vibrations at the basic frequency of 6.6 Hz (such as 6.6 Hz, 13.2 Hz, 19.8 Hz and
26.4 Hz and so on) are significantly reduced.
6

I
1.28
CRC 0.91
IRC 0.66

4
Magnitude(μrad)

2
0
-2

1.
0

10

20

30 40 50 60
Sample time (s)

70

80

Fig. 14 | Tip-Tilt errors in different control modes.
0.7
Magnitude (μrad2/Hz)

ed in this paper. The key problem of designing the improved Q-filter is to determinate disturbance frequencies.
A scanning method42 can make sure the accuracy in detection of the interesting vibrations. The control bandwidth of the Tip-Tilt mirror is not improved with this
proposed controller, but disturbance attenuation is greatly
enhanced at the disturbance frequencies. Furthermore,
this improved control mode cannot cause big magnifications at non-disturbance frequencies, and therefore an
effective improvement of the closed-loop performance is
obtained. In comparison with existed methods, this improved technique can be carried out in real time if disturbance frequencies are given. Disturbance suppression,
especially beyond the Nyquist frequency may be a continuing and attractive research in the mechanical control
area. Nonlinear techniques43−46 such as sliding mode control, repetitive control, backstepping control and active
disturbance rejection control are promising for further
rejection performance in the high precision control system.
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