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Abstract: For an optic-electro tracking system, an image sensor such as charge-coupled device (CCD) cannot pro-
vide target trajectories except for line-of-sight (LOS) error. Thus, it is difficult to achieve direct feedforward control for
the tracking loop, which determines the closed-loop performance. An error-based observer (EBO) control of a
CCD-based tracking loop is proposed to enhance the tracking performance for an optic-electro tracking system on
moving platforms. The EBO control can be plugged into an existing feedback control loop. The closed-loop perfor-
mance of the CCD-based control system can be improved by optimizing the feedforward filter Q(s). Because this
EBO method relies only on the final LOS error, it benefits the control system both in disturbance suppression and
target tracking and it can be applied to an optic-electro tracking system in moving platforms as well as in ground
platforms. An optimal Qs filter rather than a low-pass filter is improved for this EBO control. Simulations and expe-
riments show that the tracking performance is effectively enhanced in low frequency compared to traditional control
methods.
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1 Introduction

Image sensors (such as charge-coupled device, CCD) are
usually used to detect the line of sight (LOS) error in an
optic-electro tracking control system, which is used for
monitoring and positioning as well as tracking an inter-
esting target. High control bandwidth facilitates good
closed-loop performance. However, sampling frequency
and time delay of CCD (mainly include exposure time,
image process time and transmit time) are the main fac-
tors that restrict tracking bandwidth, resulting in reduc-
ing tracking accuracy. How to improve closed-loop per-
formance and compensate time delay of CCD with a li-
mited sampling frequency is important research. Using a
high-gain feedback controller or improving the order of
the control system is a common method, but it has an
impact on the dynamic performance of the system, even
lead to instability!!l. Experiments verified that feedfor-
ward control is an effective way to improve tracking per-
formance. Theoretically, it has little influence on
closed-loop stability due to its independence from the
feedback loop. However, an image sensor such as CCD
cannot provide target trajectories except LOS error,
which leads to difficulty in achieving feedforward control
for image tracking loop®*¢l. A direct feedback loop is still
utilized to control LOS in many cases. In addition, moti-
vated by application requirements, more and more op-
toelectronic tracking systems are equipped on moving
vehicles such as ships, aircraft, and spacecraft for diverse
missions which makes optical tracking devices more
flexible. But this change also brings problems for control
systems. The carrier motion at different frequencies such
as the sway of the ship or vibration of the satellite will
produce direct influence on the line of sight which may
affect the tracking performance or even lead to instability.
Many methods have been developed to isolate the line of
sight from carrier motion” 2. In most cases, extra iner-
tial sensors are needed to detect the carrier motion rela-
tive to inertial space. It brings difficulties to the imple-
mentation of some methods that can be utilized on
ground tracking. For example, a method based on data
fusion, which combines the line of sight error and angu-
lar position to generate feedforward control\. It cannot
be directly applied to a moving platform, because the
platform motion cannot be measured by the non-inertial
encoder it used. Extra sensor is necessary. When an iner-

tial measurement unit (IMU) is added, the effectiveness
is affected by the attitude accuracy. Generally, the effec-
tiveness of generating feedforward control through data
fusion depends on the effectiveness of the synthesized
feedforward signal which is determined by the precision
of the sensors and the prediction accuracy*'°\. Inaccu-
rate feedforward signal will reduce the tracking accuracy
and even lead to system instability. Based on this situa-
tion, an error-based observer (EBO) control of a
CCD-based tracking loop is proposed to enhance the
tracking performance on the moving platform. The EBO
control method does not need extra sensors. It combines
the LOS error and output of the position controller to
achieve high gain, forwarding into the original
closed-loop control system to achieve equivalent feed
forward control. Simulations and experiments verified
that the EBO control benefits the control system both in
disturbance suppression and target tracking. It is based
on Youla-Ku"cera parameterization and its performance
can be optimized by the feedforward filter Q. Section 2
gives a detailed analysis of a classical feedforward control
and the error-based observer control (EBO) on the mov-
ing platform, and makes some remarks on the advantage
of the EBO method as compared to the classical feedback
control. Section 3 analyzes the system stability and fo-
cuses on the parameter design, mainly including the
proportional-integral (PI) controller and the low-pass
filter Q(s). Section 4 presents the simulation results and
the experiment results. Concluding remarks are pre-
sented in Section 5.

2 Analysis of control methodologies

2.1 Classical controller for the moving platform

On the moving platform, pointing control is usually im-
plemented via two servo loops, the outer tracking or
pointing loop to control LOS error and an inner stabiliza-
tion or rate loop to isolates the LOS from platform mo-
tion. The stabilization loop bandwidth must be high
enough to reject the platform disturbance spectrum!7%,
A classical feedback control structure of Fig. 1 is shown
in Fig. 2 where inertial sensors such as gyros feedback the
carrier motion to isolate the LOS from platform motion
and an image sensor such as CCD detects the LOS error
to achieve object tracking. Tj is the time-delay of CCD,
Cy(s) is the position controller, C,(s) is the velocity
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Fig. 2 Configuration of classical feedback control on the moving platform

controller, G,(s) is the control plant, R(s) is the target tra-

jectory, and D(s) represents the outer disturbance. The

characteristic of the controlled plant for the outer loop is
C.(9)G.(s) 1

GP(S)ZWZ . (D

When the velocity closed loop has a much higher
bandwidth than that of the position closed loop,
C()Gy(s)/[1+Ci(5)Gy(s)]=1 and Gy(s)=1/s are reasonable
to some extent. In this case, the outer position loop plays
a decisive part in tracking performance. The transform
function T, and sensitivity function S, of the control
scheme is given by Egs. (2) and (3).

_Y(s)_ GG (s)e™
" R(s) 1+C,()G,(s)e™™

2)

_ E(s) _ 1
" R(s) 1+C, ()G (s)e™™

It is not hard to find that Seg+Torg=1, which means that
there is a conflict between tracking performance and
disturbance rejection. Obviously, increasing the gain of
C,(s) which means a higher bandwidth is an effective way
to improve the tacking performance. But, the tracking
bandwidth of the actual optical-electro devices cannot be
increased unlimited due to the mechanical resonance and

)

system noise. Besides, high gain may affect the robustness
of the control system. From another point, it is meaning-
less to increasing the bandwidth without limit when the
time delay of CCD cannot be cut to zero™.

A classical feedforward control scheme for object
tracking and disturbance rejection is shown in Fig. 3
where T, is the time delay of CCD, C(s) is the position
controller, G(s) is the control plant, R(s) is the target tra-
jectory, D(s) is the outer disturbance, and Q(s) and C(s)
are the feedforward controllers for object tracking and
disturbance suppression, respectively. The transfer func-
tion of the control scheme is given by:

C(s5)G(s)e™"* +Q(s)G(s)
Y(S) = —Tys
1+ C(s)G(s)e™ ™
MSH'}TS D(s) . (4)
1+C(s)G(s)e ™

Obviously, when Ci(s)=-1/G(s), Y(s) is independent of
D(s), and when Q(s)=1/G(s), Y(s)=R(s) which means
perfect real-time tracking. However, it cannot be realized
in most cases. First of all, trackers like CCD could not
detect the trajectory R(s) except for LOS error E(s).
Second, the accurate detection of D(s) is not easy to real-
ize. Besides, inaccuracy detection of G(s) especially in
high frequency also having an influence. Recovering the
trajectory R(s) by data fusion and velocity prediction are

R(s)

D(s)
Q(s)
C(s)
— E(s) + +
R(s) |e’° | |C(s)I G(s) Y(s)

*-

Fig. 3 Aclassical feedforward control scheme
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effective ways to achieve equivalent feedforward control.
But some methods cannot be applied to the moving plat-
form directly due to carrier motion and characteristic of
sensors and its effectiveness relies on the effectiveness of
the synthesized feedforward signals which is determined
by the precision of the sensors and the prediction accu-
racy. Inaccurate feedforward signal will reduce the track-
ing accuracy and even lead to system instability. So, there
is a need of a new control method that can be applied to
the moving platform and do not rely excessively on extra
Sensors.

2.2 The error-based observer (EBO) control

method

An error-based observer (EBO) control method which is
based on Youla-Ku'cera parameterization is shown in
Fig. 4. It feedforwards the combination of the LOS error
from the CCD and the controller output into the origi-
nally closed-loop control system. T is the time-delay of
CCD, G(s) is the control plant, C(s) is the position con-
troller, G'(s) is the inverse of G(s), Q(s) is a low-pass filter,
R(s) represents the target trajectory, E(s) is the LOS error
from the CCD, and D(s) is the outer disturbance which is
small when the system in inertial stable status through
stabilization control of the inner loop. The sensitive func-
tions for trajectory R(s) and disturbance D(s) of Fig. 4 are
given as follow:

)
"R
_ 1-Q(s)e ™
1+ C(s)G(s)e ™ +Q(s)[G(s)G ' (s)e ™ —e ]
—[1-Q(s)e IS, .(5)
5, = E(s)
D(s)
[1-Q(9)e “IG(S) ©

1+ C(s)G(s)e™™ +Q(s)[G(s)G " (s)e ™ —e ]
here, So is the original error attenuation function of Fig.
2. We can find that Sp and Sz have the same element
1-Q(s)e™™ which means this EBO method has both
effects on target tracking and disturbance suppression.
Obviously, when T; and Q(s) is properly set,
Q)[G(s)G ' (s)e ™ —e™™] can be designed close to
zero in the low-frequency region. And at this time, mi-

RO o |29 ]

nimizing 1-e""”Q(s) will produce an extra bonus for

the original feedback system. The sensitive function de-
cided the Q(s) filter has to be a low-pass filter in the fre-
quency domain. In fact, a low-pass filter Q(s) can also
minimize the influence of inaccurate estimation of G(s)
and T which may affect the characteristic equation in the
high-frequency domain. High bandwidth of Q(s) may
affect the stability of the control system. Therefore, a
compromise has to be made between system stabilities
and tracking performance. Compared with traditional
feedforward control based on data fusion, another big
advantage of this only error-based feedforward control is
that it does not need extra sensors. When the control
system is in inertial status, its application on moving
platform CCD-based tracking loop is reasonable. The
optimal design is depicted in the next section.

3 Optimal design of parameter

Figure 4 is the final control scheme, where controller C(s)
is designed in the classical feedback loop. The sampling
frequency of the CCD is 100 Hz. The time delay T;=0.03
s. In fact, the inner loop usually has a much higher
bandwidth than that of the position closed-loop which
makes G(s)=1 reasonable in many cases. Then we can
easily obtain the open-loop transfer function
GOP€H=C'G-e"T"S ~C-e ™ and the closed-loop transfer
function G, =C-e ™ /(1+C-e”™) . For the feedback
system to be robust, it is not hard to find a classical pro-
portional-intergral (PI) controller C(s)= m/(4T,s) that
stabilize the control system with a gain margin of 6.02 dB
and a phase margin of 45°.

According to the sensitive function given by Eq (5),
minimizing Sg and Sp is our objective, which is to mi-
nimize 1-Q(s)e ™. In the meantime, the control system
has to be stable with a phase margin Py, larger than n/4
and a gain margin G, larger than 6 dB, that is to satisfy:

1-e Q=0

EC)

P, =mn+argG,,, (0 )]21/4 | (7)
G, =—20log|G,,., (w,)| 26 dB
where
G =1
open (wc) . (8)
arg(Gopen (wg N=0QRk+1Dn, k=1,2,...
D(s)

G(s) y——Y(s)

—>| G'(s) |*6

Fig. 4 The error-based observer (EBO) control scheme
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The sensitive function decides that Q(s) has to be a
low-pass filter. A general form of low-pass filters is gen-
erally given by®!:

m-2
>C :; (1) +1
=
Q(s) T )
here, m . k are positive integer. It is easy to know excessive
order and bandwidth of Q(s) can lead to destruction of
the stability condition by plant uncertainty and phase loss
in the high-frequency region. To meet the requirement of
robustness condition which is affected by phase margin
and magnitude margin of the open-loop transfer func-
tion, a Qa-filter with an appropriate parameter 7 is a
compromise solution. When m=3,
31s+1

represented as: G, =C, q(s)G(s)e_T‘S . In order to reduce

the influence that T, has on the characteristic equation

and stabilize the control system, we set T;=T(=0.03 s.

When 7=0.5, 0.1, 0.05, the bode diagram of
1-e "“Q(jw) is depicted as Fig. 5. It is obvious that S(7)
is smaller when 7 is getting smaller at the same frequency.

It is reasonable to set T as small as possible when the con-

trol system is stable.

After mathematical calculations of Eq. (7), we find it is
not easy to satisfy P,>m/4 and Gn>6 dB strictly. Several
groups of parameters that can satisfy the requirement of
robustness condition is shown in Table 1. In order to get
better performance, 7=0.05 is finally chosen.

4 Simulations and experiments

Q,(s)= (10)
3 2
+ +31s+1 , ,
) (zs) +3(r3) _3TS ) 4.1 Simulation results
An equivalent controller C.q(s) of Fig. 4 is ) ) )
i According to the previous parameter design, the bode
G (5)Q(s)+C(s) . -
C (s)=—tb "=~ "~ (11) response of the transfer function and the sensitive func-
& -T, . . .
! 1—e Q(s) tion of classical feedback control and the EBO method is
Thus, the open-loop transfer function could be shown in Figs. 6(a) and 6(b) respectively. It is easy to find
20 180 T T T
o O ] e 185 s S
IS -20 |- T g 90 ——— — '\\\\ —1=0.
e ke ™, "
2 40 o 45 N
c %] s
S -60f s 0 —
= 80t B 45
-100 : ! L -90 L L |
107 10” 10° 10’ 10° 107 10™ 10° 10’ 10?
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Fig. 5 Bode diagram of 1-Q(jw)e*%3
Table 1 Comparison of gain margin and phase margin among different methods
Method Gain margin/dB Phase margin/dB
1/(0.15+1) 6 45
Qa1(r=0.1) 4.49 31.2
Qa1(7=0.05) 4.93 32.1
a) 20 T T T T (b) 50 r T T
10+ b L
@ of o Of o
3 z
s -10} ) /
-] T 50k 4
=] p=}
£ 20 £
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Fig. 6 Bode response of the closed-loop transfer function (a) and sensitivity function (b) from simulations
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that although the tracking bandwidth is not improved
with the EBO method, it enhances the tracking perfor-
mance in the low frequency compared to the classical
feedback control (CFC) mode. The EBO control mode
with Qi(s)=1/(0.1s+1) improves below 1 Hz compared to
classical feedback control. The EBO control mode with
an optimal Qs (s) with 7=0.05 is more efficient in fre-
quencies lower than 1 Hz. The experimental verification
is depicted in the next section.

4.2 Experiment results

The experimental system is shown in Fig. 7. A CCD is
used to detect the LOS error with a sampling frequency
of 100 Hz. Laser light and FSM2 simulate the target tra-

Fig. 7 Configuration of experimental platform

w=0.05 Hz
(@ 1.0 : .
—-CFC
——EBO with Q,
05 —EBO with Qy
(@]
(5]
°
20
)
T
E—
=2 -0.5
1.0 : : : - :
0 2 4 6 8 10
Sampling time/10%s
w=0.5 Hz
© 5 '

—CFC
——EBO with @
——EBO with Qs

Amplitide/(10°-deg)
o

-5

0 0.5 1.0 1.5 2.0
Sampling time/10*s

jectory, FSM1 is the tracking controller and FSM3 is used
to simulate the carrier motion. Here, we set the carrier
motion D=0, which means that FSM3 is fixed. It is rea-
sonable, because FSM3 and FSM2 have the same effect on
LOS and it does not matter whether FSM2 or FSM3 gen-
erate carrier motion. Besides, according to the control
mode analysis in chapter 2, when the system is in the
inertial stable status through stabilization control of the
inner loop, the remaining disturbance can be neglected
compared with the target moving. The target trajectory
R(s) is a sinusoidal signal with an amplitude of 0.5 V,
which can be expressed as 0=A sin(wt). The experiment
only presents a single axis of the azimuth due to the si-
milarity. We record the LOS error respectively using three
different control strategies when w=0.05 Hz, 0.1 Hz, 0.5
Hz, and 1 Hz which are depicted in Figs. 8(a)~8(d), re-
spectively. It is obvious that the EBO method has obvious
improvement in frequencies lower than 1 Hz compared
to classical feedback control, showing an improvement of
8 dB at 1 Hz and 15 dB at 0.05 Hz. The optimal filter
Q(s)=Qs1(s) is more efficient than a first-order low-pass
filter Q:(s) which is consistent with simulation results.
But the result of the EBO method with Q; and Qs is hard
to distinguish and the improvement is not as good as
simulation results in frequencies lower than 0.1 Hz,
which is a result of the mechanical resonance and system
noise.

w=0.1 Hz

(b) 15 .
—CFC
1.0 ——EBO with Q,
. —EBO with Qs
§ r" 1 ]
0.5 m’
o
£ it
= | |
il
3 -05
€
<
-1.0
15 : - : - :
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Sampling time/10%s
w=1.0 Hz
(d) 8 T T j
—CFC
6y —EBO with Q;
——EBO with Qy
= 4r ]
[9)
22
o
= ot
(5]
el
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Qo
£ 4
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Fig. 8 Error comparison of classical feedback control (CFC)(blue) and EBO control with different
Qq filter (red) and with Qs filter (green) at (a) 0.05 Hz, (b) 0.1 Hz, (c) 0.5 Hz and (d) 1 Hz
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5 Conclusions

In this paper, an error-based observer (EBO) control
method of a CCD-based tracking loop is proposed to
enhance the closed-loop performance. This EBO method
combines the line-of-sight error and control output to
generate a high gain observer. It can be plugged into the
existing feedback control loop and the closed-loop per-
formance can be improved by optimizing the feedforward
filter Q(s). Simulations and experiments verify that this
EBO control method can effectively enhance the
closed-loop performance in the low frequency in com-
parison with the classical control mode and an optimal
Qs filter is more effective than a first-order low pass filter
in this EBO control mode. In fact, better performance in
the low frequency is more important than a higher
bandwidth in many cases especially when the target is far
from the tracking device. It is valuable for engineering
applications. It is meaningful to explore other Q filters
that can be applied to different scenarios. A further expe-
riment on other moving platforms such as gimbals is also
needed to verify the method.
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The error-based observer control (EBO) structure

Overview: For an optic-electro tracking system, image sensors (such as CCD) are usually used for monitoring and po-
sitioning as well as tracking a target, but they can only detect line-of-sight (LOS) error and cannot provide target trajec-
tories. Therefore, it brings difficulties to the application of feedforward control which is an effective way to improve
tracking performance. As a result, recovering the target trajectory through data fusion is an effective way. However, it
needs extra sensors and the effectiveness of the equivalent feedforward control method is based on the accuracy of the
synthesized feedforward signal which is affected by the measurement accuracy of the sensor and the prediction accuracy.
Inaccurate feedforward signal has no improvement in tracking performance and even leads to instability of the control
system. When it comes to tracking system on a moving platform, an inertial measurement unit (IMU) is necessary. The
attitude accuracy determined by the IMU always plays an import part in tracking performance. Therefore, the equiva-
lent feedforward control method based on data fusion is not applicable in many cases. For traditional feedback control,
high control bandwidth facilitates good closed-loop performance. However, the sampling frequency and time delay of
the image sensor are the main factors that restrict tracking bandwidth. Simply using a high-gain feedback controller or
improving the order of the control system will decrease the dynamic performance of the system, leading to instability.
The error-based observer (EBO) control of an image-based tracking loop is proposed to enhance tracking performance
for an optic-electro tracking system on the moving platform. This EBO method combines the LOS error and control
output to achieve high gain. The equivalent feedforward control can be plugged into the existing feedback control loop.
The closed-loop performance of the image-based control system can be improved by optimizing the feedforward filter
Q(s). Since this EBO method does not need extra sensors and it benefits the control system in both disturbance suppres-
sion and target tracking, it can be applied to both moving platforms and ground platforms. The control structure de-
cided that Q(s) has to be a low-pass filter. In this paper, an optimal three-order Qs filter rather than a low-pass filter is
improved for this EBO control. Simulations and experiments show that the tracking performance of the EBO method is
effectively enhanced in the low frequency compared to traditional control methods and an optimal Qj, filter is more
efficient than a simple first-order low-pass filter. This improvement is meaningful because better performance in the
low frequency is more important than in the high frequency for many cases.
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