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Abstract: This paper addresses the challenge of reduced tracking accuracy in maritime electro-optical
tracking equipment when dealing with high-mobility targets like speedboats and aircraft due to
off-target error delays. We propose an innovative technique that leverages inertial navigation data
to enhance target prediction and tracking control. Our approach involves the real-time integration
of high-frequency inertial navigation-derived attitude information into the tracking system. By
combining off-target error information with angular measurements from the tracking mechanism,
we project the vector of the tracked target into multiple coordinate systems, including the imaging
coordinate system, carrier coordinate system, and geographic coordinate system. Subsequently, we
model and predict the target’s motion trajectory in the relatively slow-changing geographic coordinate
system. This transformation process increases the update frequency and real-time performance of
the tracking control position loop command angle. Unlike traditional control methods that heavily
rely on the model of the controlled object, our approach significantly improves tracking accuracy
and engineering applicability. It offers a technology-based optimization of tracking and control
performance through an interdisciplinary theoretical fusion, deeply integrating inertial navigation
technology with tracking control technology. Experimental results with maritime electro-optical
tracking equipment demonstrate that our proposed control technique increases tracking accuracy for
high-speed targets by approximately threefold compared to traditional methods. Under the same
experimental conditions, the off-target error statistics are reduced from 1.8 mrad to 633 urad.

Keywords: tracking control; inertial assistance; target prediction; deviation compensation

1. Introduction

The electro-optical tracking system is a highly precise capture and tracking device
used for the automatic tracking of targets, widely employed in applications, such as recon-
naissance, surveillance, early warning, positioning, navigation, and communication [1,2].
Within the field of view of electro-optical tracking devices, the specific deviation between
the target’s position and the center of the field of view is referred to as the offset error,
which serves as an error quantity for the motion of the tracking control system in most
electro-optical tracking devices. It is also the only reliable source of target information in
conventional tracking control systems. Therefore, the accuracy and real-time nature of the
offset error are essential factors affecting the tracking precision of electro-optical tracking
equipment [3,4].

In the electro-optical tracking process, off-target deviation is primarily obtained
through image sensors and corresponding image target recognition and extraction al-
gorithms. Its real-time performance is influenced by factors such as the frame rate and
integration time of the image sensor. This implies that there is an inevitable delay in the
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off-target deviation acquired by the tracking control system relative to the current target
angular position. Such a delay will inevitably reduce the accuracy of target tracking. For
typical tracking control systems (as shown in Figure 1), the lag delay time of the off-target
deviation (denoted as 7 in Figure 1) ranges from several tens of milliseconds to over a
hundred milliseconds.
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Figure 1. The schematic diagram of a typical tracking control system.

The symbol explanations for Figure 1 are as follows:

R: Angular position command of the tracking control system, representing the actual
angular position of the target relative to the tracking control system in the geographic
coordinate system.

Y: Angular position response of the tracking control system.

Cp: Position loop controller of the tracking control system.

T: Off-target error delay time.

Cy: Velocity loop controller of the tracking control system.

D: Attitude disturbance of the motion carrier, measured and obtained through inertial
navigation.

Gy: Controlled object model for the velocity loop.

Furthermore, the significant temporal gaps in the sampling intervals for off-target
deviation between different frame images, caused by the low sampling rate, also contribute
to control delays. The lag delay and low sampling rate characteristics of image-based off-
target deviations significantly impact the dynamic performance of the control system [5,6].
Therefore, when optimizing electro-optical tracking systems, in addition to enhancements
in imaging mechanisms and image processing stages, it is imperative to consider compen-
sation strategies at the control algorithm level to enhance the dynamic performance of the
control system.

In recent years, a substantial body of research has been undertaken by numerous
scholars in the field of delay compensation. These efforts can be categorized into several
aspects. The first category involves treating the control system as a first- or second-order
system with a delay component. This approach aims to mitigate the impact of delay on
the control system’s dynamic characteristics while ensuring system stability margins. It
does so through improvements in PID controller structures (e.g., PID-I controllers [7]) and
controller parameter optimization [7-9]. Although these methods exhibit some theoretical
innovation, they typically require relatively low stability margins (typically around 6 dB),
and the research work has remained in the theoretical and simulation stages, with no
subsequent reports of engineering application validation for such control methods.

The second category comprises commonly used methods for compensating delay
characteristics, involving the application of Smith predictors and their enhanced ver-
sions [10-12]. For instance, Ren et al. [10] applied the Smith predictor to the velocity loop
of an electro-optical tracking system to compensate for the delay in the gyroscope mea-
surement signal. This was achieved by increasing the open-loop control gain to enhance
system tracking performance. Bohm et al. [11] introduced a delay compensation algorithm
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in the disturbance rejection loop of a telescope’s optical components. They estimated
disturbance effects within the frequency band of interest based on a model-free approach
and employed a method similar to the Smith predictor for disturbance feedforward com-
pensation, thereby enhancing the disturbance rejection capabilities of optical components.
Luo et al. [12] combined the Smith predictor with velocity feedforward control to improve
control system stability while providing feedforward compensation for delay. Despite the
considerable benefits of these typical delay compensation methods based on the Smith
predictor, they still exhibit some flaws. For example, the application of the Smith predictor
in the velocity loop may conflict with existing disturbance observers or state observers,
consequently diminishing the disturbance rejection capabilities of electro-optical tracking
systems [13,14]. Model-free delay compensation algorithms are ineffective for handling
large delay systems (e.g., delays greater than 15 ms). Some novel control techniques, such
as fractional-order control, combined with Smith predictors, have not yet received adequate
testing and validation in practical systems [15,16].

Another class of delay compensation methods involves composite control techniques
combining velocity feedforward with Kalman filtering. This methodology combines angu-
lar feedback signals in either the carrier frame or the geographical frame with the off-target
deviation to derive an equivalent angular position command for the target. Kalman filtering
is employed to estimate the target’s velocity, and this estimate is then applied to the control
system through feedforward methods [17-20]. These control methods effectively mitigate
the impact of delay on the system. However, the selection of the state equations for the
Kalman filter remains a subject of discussion, such as the models associated with constant
velocity motion [21], Singer models [22], and current statistical models [23].

In summary, the methods discussed can enhance target tracking accuracy to some
extent, but they come with their limitations. Smith predictors and related technologies
demand a strong prior understanding of the controlled model, and their effectiveness
diminishes when the model is time-varying or hard to obtain accurately. Applying velocity
feedforward techniques in electro-optical control systems is demanding in terms of the
system’s operating environment. In cases where the platform or carrier experiences signifi-
cant dynamic inertial disturbances and lacks the means to observe carrier angular motion,
this technology may not be suitable. Additionally, this approach requires combining with
Kalman filtering, which adds computational demands to the control system. This paper
introduces a target prediction and tracking control technique that fuses attitude information
in multiple spatial reference frames. Leveraging high-frequency inertial navigation attitude
data, it captures the angular motion of the electro-optical equipment’s platform. This
enables the conversion and fusion of angular position information of the tracked target in
various spatial frames, including the imaging frame, carrier frame, and geographic frame.
The method effectively addresses the issues of sampling delay and lag inherent in off-target
error, and its efficacy is verified from the perspective of control system stability.

In contrast to prior research by scholars, as described earlier, the control technique
presented in this paper does not aim to enhance tracking accuracy through controller design,
servo hardware design, or the establishment of a priori disturbance models. Instead,
it achieves improved tracking accuracy through real-time and precise modeling of the
angular motion of the observer’s platform through the introduction of inertial navigation
information. This results in enhanced frequency, accuracy, real-time performance, and
predictability of the position and velocity setpoint commands in the tracking system.

This represents a significant technological innovation, as it deeply integrates inertial
navigation technology with tracking control technology. It is worth noting that this method
requires the complete integration of inertial navigation components within the tracking
system, not limited to gyroscope components. The proposed approach allows for modeling
of target motion in the geographic coordinate system, as depicted in Figure 2. In practical
applications, it demonstrates excellent performance when observing high-speed moving
targets, such as unmanned boats and drones, at close range.
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Figure 2. Practical applications scenarios.

2. Principles of Target Prediction and Tracking Control Technology Based on
Multi-Space Reference Fusion

The target prediction and tracking control technique involving the fusion of attitude
information in multiple spatial frames primarily encompasses two main components:
Multi-Spatial Frame Attitude Information Fusion and Target Prediction Algorithm.

Step 1: Fusion of attitude information on a multi-space basis

Incorporating additional inertial attitude observations into the tracking control system,
the fusion process combines three aspects of information: the off-target signal, platform
angular measurements, and inertial signals of the sensitive carrier’s attitude. By projecting
these observations, the tracking control system obtains the commanded attitude angle “r”
in the geodetic reference frame. At the same time, this fusion process reduces the impact
of carrier attitude disturbances on the commanded attitude, resulting in an equivalent

command signal, (s).
r(s) = Re ™ (1)

In Equation (1), R represents the ideal command signal, R(s), as depicted in Figure 1.
Due to the lag duration, T, associated with the off-target measurements required for data
fusion, the equivalent command signal, r(s), obtained at this time should reflect the ideal
command signal delayed by the lag duration, 7.

Step 2: Target prediction algorithm

The expression obtained from Equation (1) in Step 1 is represented in the time domain
as [time-domain expression], adhering to the principle that “the change in off-target quan-
tity in the geodetic reference frame is a small quantity” utilizes the current geodetic frame’s
angular response differential as the gradient of the change in the target angular position. In
this context, “y” represents the time-domain expression of the angular position response “Y”
as shown in Figure 1. This allows the prediction of the target’s angular position command
signal at the current moment, and its calculation is given by the following formula:

t
r(t) =r(t—1)+ y(s —1)ds ()
t-1
This target prediction algorithm leverages the small changes in the off-target deviation
to estimate the current-time target angular position command, providing a mechanism for
real-time adjustments and improved tracking accuracy.



J. Mar. Sci. Eng. 2023, 11,2175

50f17

2.1. Fusion of Attitude Information in a Multi-Space Basis

In the position loop of the tracking control structure illustrated in Figure 1, the off-
target deviation undergoes a continuous projection sequence, transitioning from the imag-
ing frame to the carrier frame, then to the geographical frame, and back to the carrier frame.
This process involves the transformation of angle error signals across multiple spatial
frames, enabling high-frequency interpolation and resampling of the off-target deviation.
Given that the multi-spatial frame projection process relies on inertial attitude data, this
technology necessitates real-time provision of the tracking control platform base’s attitude
information by the Inertial Measurement Unit (IMU).

Figure 3 depicts a schematic diagram of the coordinate transformation during the
multi-space basis projection process. The IMU is mounted below the electro-optical tracking
axis system, sharing the same azimuth axis as the electro-optical detector. In this setups, the
pitch angle is denoted as 8 (with the upward direction considered positive), Pxy represents

-
the projection of the target’s direction vector Pz P xy on the target surface frame X;O1 Y],

—
and Px, Py, and Pz represent the projection components of the target vector Pz P xy on the
three axes, X1, Y, and Z;, respectively.

by : The target coordinate system, along the direction facing the target, is defined as left,
down, and rear.

by: The pitch-axis fixed-coordinate system coincides with b and is defined as right, forward,
and up.

byo: The pitch-axis zero coordinate system is aligned with by, differing from the pitch angle
6, and defined in the same manner as the azimuth-zero coordinate system: forward, left,
and up.

by: The azimuth-axis coordinate system is defined as forward, left, and up.

byo: The azimuth-zero coordinate system is defined as forward, left, and up.

bs: The installation base coordinate system is aligned with by.

b;: The IMU carrier coordinate system is defined as right, front, and up.

n: The geographical coordinate system is defined as east, north, and up.
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Figure 3. Schematic diagram of coordinate transformation in a multi-spatial frame.

The azimuth-axis coordinate system bv
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2.1.1. Projection Transformation from Target Surface Frame to Geographical Frame

The transformation primarily involves the following coordinate conversions. The
transformation relationship between by, and by can be expressed as follows:

b
Gy, = Cx(6ar) &)

In this context, Cx(6,;) and CZ;’O can be related as follows: a rotation around the pitch
axis (X-axis) is represented by the symbol 6,;. The transformation relationship between
by and by, the measured angle value for azimuth be represented as 0,, can be expressed
as follows:

C = Cz(0:) (4)

where Cz(0,;) represents the rotation 6,, along the azimuth axis, Z-axis, by and b;. The
transformation relationship between them is as follows:

. [-1 0 o0
¢/ =0 0 -1 ®)
0 -1 0

The transformation relationship among bpo, by, by, and b; is represented as follows:

, ) 0 1 0
Chy =€l =|-1 0 0 ©

The projected vector of the target in the target coordinate system is represented as
follows: r?}.

In Figure 3, the corresponding angles of the boresight error are denoted as
0x = £PxP701 and 0y = £ZPyP70Oj. The relationship is given as follows:

. — cos Oy sin fx
Pt = PxyP; = —sinfy )
— cos By cos Ox

The projection of the target in the bs-coordinate system is expressed as r%.
According to the chain rule of matrix operations:

bs __ (bs va by bPO bP b
rp = CbDOva CprCbp CerP (8)

where CZSO =1L
The above equation can be derived from (3) to (8) as follows:

c0s 0,0 cos 6 cos 0p cos Ox — sin B, cos Op sin Ox — cos B, sin 0 sin Op
r%‘ = | sin B, sinfsinfp — cos B, cos Op sin Ox — cos O sin By cos Op cos Ox 9)
cos 0 sin Op + sin O cos Op cos Ox

The projection vector rj of the target in the geographic coordinate system is given
as follows: '
rp = C/C) 1y (10)

where C7 is the attitude matrix of the platform base sensitive to IMU relative to the
geographic coordinate system.
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2.1.2. Interpolation and Resampling of Off-Target Deviation in the Geographical Frame

The interpolation and resampling of off-target deviation in the geographical frame
are based on the spatial coordinate transformation from the target surface frame to the
geographical frame. Simultaneously, at the same time step, the pitch angle measurement,
azimuth angle measurement, and inertial attitude information of the tracking control
system are fused. This fusion process fully utilizes high-sampling-rate angle measurements
and inertial attitude data to achieve interpolation and resampling of the low-sampling-rate
off-target deviation data. Assuming that the sampling interval of the deflection error is AT,
consecutive Ty and T; moments satisfy the relationship AT = T; — Tj. In the geographic
coordinate system, the change in the target’s deflection error is considered negligible in
engineering, i.e., it can be approximated as 0.

rp(T1) = 1p(To)

- ~ 0 (11)

Equation (11) indicates that the target’s angular position in the geographic coordi-
nate system remains unchanged between the two consecutive sampling moments (i.e.,
r3(To) =~ #(T1)), and based on this condition, interpolation and resampling are performed.

At time T, combining Equations (8) and (10), we obtain the target’s angular vector in
the geographic coordinate system at that moment:

] S b'U U h b h
PB(To) = C(To) -~ Gt~ Chn(To) - €+ C° (To) - €y -7 (To) 12)

Here, the CZZ °(To), CZ;’O(TO), and C}(Tp) are calculated based on the current pitch
angle measurement, yaw angle measurement, and inertial attitude data. In this context,
we assume that the sampling frequencies of the inertial measurements and angle mea-
surements are both At, and AT = nAt (n is the ratio of the sampling rate of the boresight
error (turret off-pointing error) and the inertial navigation system (INS) attitude measure-
ments). Therefore, within two consecutive target deflection sampling moments AT, we have
to =To, t1 = To+ At, ..., t, = To + nAt = Ty, Equation (12) can be rewritten as follows:

b b b b
"pL(tO) = "pL(TO) = Cb; : Cb:()

h v bU S i
(t0) - €+ G, (b0) - G "+ Clto) - #B(To)  (13)
Based on Equation 1 (Ty) = #}(T1), it can be determined that the resampled off-target
signal at time T is

b
, to: I‘PZ(to) = r?)(To)
b b v by s i
b () = G- Gl (1) - G Gy (h) - C° - € - Cly(t) - F3(To)
P

b b i
b (1) = G- C) (12) - € - G (12) - G - € - Cy(t2) - ¥3(To) (14)

b b ;
b= Ty it (tn) = Gyt - Cyl (1) - G G (8) Gy € - Cly(t) - 7(T1)

These equations summarize the comparison of the target angular vectors before and
after inertial interpolation and resampling, as shown in the following table.

Table 1 illustrates the fundamental principle of interpolation and resampling, which
involves increasing the update frequency of the target angular position vector by utilizing
high-frequency angle measurements and inertial attitude information. Taking a typical
maritime platform’s electro-optical tracking system as an example, the update frequencies
for angular displacements in the axis system and inertial attitude are typically 1000 Hz,
while the update frequency for off-target deviation is less than 100 Hz. The resampling
process illustrated in Table 1 enables an increase in the update frequency of the off-target
deviation to 1000 Hz.
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Table 1. Comparison of target angular position vectors before and after interpolation and resampling.

Off-Target Deviation
Sampling Time
(Low-Frequency)

IMU Sampling Time
(High-Frequency)

Off-Target Deviation
before Resampling

Equivalent Target Angular Position Vector
after Resampling

To

b b e

foo Cy- ' (t00) €, G (t00) Cyr* € Ciy (fo0 ) (To)
b b b } < i

for M (To) Coh ', (101) €, €y (t01) € Ciy (101 )7 (To)

by b bpo b, boo ~bs i
ton Cbi Cb;o (tO‘ﬂ ) Cb:o Cbl;o (tOn ) Cbso Cj‘ Cii (t()n ) r% (TO)

by b byo ~b, boo bs i

f10 Cb? be;o (th)CbLO G, (tlo)cb50 C;*Cy(t10)rp(Th)
b b byo b, boo ~bs i

t1 rp (T1) Cii Cb:o (1), Gy (1) G € €y (h11) B (Th)

b b Do by (5 oo s i
tin Cb,fcbio(fln)CbZOwa(fln)be’Ci C,, (t1n)75(Ty)

Tin

by, b
Cbp Cb,,o

b b b . ; i
Bt 7 (T) LG, (b)) €, Cf () Gy € Cly (b )7 (T

14 00

b .
" (tn0) G €y (tm0) C* € Cly (o) 5 (T
1
P

tmn

by ~b bbvu‘bvbg'
be7 Cbi(} (tmn)cbzo Cbzv() (tml’l)cbso Cl C}fl (tmn)r$ (Tm)

2.1.3. Generation of High-Sampling-Rate Elevation and Azimuth Angles

During the process of back-projection from the geographical frame to the carrier frame,
it is necessary to consider the updates of inertial and angle measurement signals within the
off-target deviation lag delay time. Assuming the off-target deviation lag time is denoted
as T, when projecting from the target surface frame to the geographical frame, inertial
and angle measurement data from a time earlier than T are used. In contrast, during the
back-projection from the geographical frame to the carrier frame, the inertial and angle
measurement data from the current time are used to address the lag delay of the off-target
deviation, in addition to the sampling delay.

As given in Table 2, at time ¢; (i = 0 ~ n), when projecting back to the carrier system,
the selected geodetic system’s target angle vector is the same as the one at time ¢; — 7.
Therefore, the prerequisite for generating high-sampling-rate elevation and azimuth is that,
within the lag time 7, the change in the target’s angular position in the geodetic system can
be neglected. It must satisfy the condition that #}(t; — T) = r}(t;)(i = 0 ~ n), as shown in
Equation (11).

Table 2. Time sequence comparison of forward and backward projection.

Current
Time

Time Corresponding
to the Off-Target
Deviation

Target Angular Vector
Projected into the
Geographical Frame during
forward Projection

Target Angular Vector after
Back-Projection into the
Carrier Frame

Off-Target
Deviation Values

)
5]

t2 TO—T

tn

rp(to — 1) : %
by Pt — ) C*Cly(b)r(t = T) = i (h)
5 (To—7) (t — 1) "

" (ty — T) cl?sc;;(tn)r;g(tn —
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Furthermore, the target angle vector in the carrier system can be expressed in terms of
elevation angle H; and azimuth angle As:

cos H; cos A;
5 (t) = | — cos Hg sin Ag (15)
P
sin Hy

Hence, through the fusion of high-sampling-rate data from angle measurement and
inertial navigation, high-sampling-rate elevation angle H; and azimuth angle A can be
obtained, thereby providing the tracking and control system with effective, real-time
command reference signals without delay.

H = arcsinr’s_(#)
— [ bs bs (16)
A = arctan2(—rp,y(f)ﬂ’p,x(ﬂ)

2.2. Target Prediction Algorithm

Because, within the lag delay time T, the change in the target’s angular position in the
geographical frame is not sufficiently small, especially for high-mobility and close-range
targets—such as a target at a distance of 180 m and a speed of 20 knots—when the off-target
deviation lags by 100 ms, the change in the target’s angular displacement can reach 0.3°
(~5 mrad). This 0.3° cannot be compensated for using the multi-spatial frame attitude
fusion technique mentioned earlier. Therefore, the target tracking algorithm must address
the situation of lag delay.

To overcome this challenge, a prediction algorithm for the target’s angular position in
the geographical frame is proposed. At the current time t, the target’s angular position in
the geographical frame is denoted as r(t), and the relationship is expressed as follows:

r(t)=r(t—1)+ t 7(s)ds (17)

t—1

In Equation (17), f:ﬁ . 7(s)ds represents the change in angular position within the time
interval [t — T t], where 7(s) is the gradient of the angular position change. Considering
the relationship between the off-target deviation and angular response, and since the
off-target deviation e(t) in the geographical frame e(t) = r(t) — y(t) can be neglected,
Equation (17) can be transformed into:

t
Pty =r(t—1)+ y(s)ds (18)
t—t1
Neglecting changes within the delay time T, we can set y(f — T) ~ y(t). In this case,
Equation (18) can be written as follows:

t—1 t
Pty =rt—1)+ y(s)ds =r(t—1) + y(s —T)ds (19)
t—21 t—T
With Equation (19), the prediction can provide an estimate of the target’s angle refer-
ence signal without delay at the current time, denoted as R(t) ~ r(t). In a discrete system,
this can be represented as follows:

Ro(k) = R_¢ (k) + yt) —ylk=n) - (20)
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3. Control System Design and Analysis of Target Prediction Algorithm Based on
Multi-Spatial Frame Attitude Information Fusion

3.1. Control System Design for Target Prediction Algorithm Based on Multi-Spatial Frame Fusion

The integration of the multi-spatial frame attitude information fusion algorithm and
the target prediction algorithm is reflected in the block diagram of the tracking control
system, as shown in Figure 4.

|
|
system system system A\ I
|
|
|

Figure 4. Block diagram of target prediction and tracking control with multi-spatial frame attitude fusion.

In Figure 4, the meanings of the symbols R, Y, Cp, T, D, Cy, and G, are the same as in
Figure 1. Additional symbol explanations are as follows:

E: Control error in angular position.

R_+: Estimated target angular position relative to the geodetic reference frame at a lag, 7.
R: Estimated target angular position relative to the geodetic reference frame at the current
time .

Ty Pre-measured time delay associated with the off-target measurements. The discussion
in this paper is based on the condition of having lag, 7, ~ 7.

The implementation workflow of the target prediction algorithm based on multi-
spatial frame attitude fusion is as follows:

(1) Through the multi-spatial frame projection transformation from the target surface
frame to the carrier frame and then to the geographical frame, estimate the command
signal, R_; at the lagged time T, thereby overcoming the sampling delay of the off-target
deviation.

By performing a brief derivation according to Figure 4, we can set the position loop
controller gain as C, = 1. Considering that the bandwidth of the velocity loop control is
significantly higher than that of the position loop, and within its bandwidth, the closed-loop
velocity model is approximately 1. Therefore, we have:

e(t—1)=r(t—1)—y(t—1) (21)

u(t) +d(t) = y(t) (22)

The estimated value of 7(t — T, ), which is the R_, (as shown in Figure 4), is as follows:

)+ 9(t — Tm)

P(t— ) = e(t
T T)—y(t—7)+ 9t — ) (23)

(t

Since the angle response values §j(t — T;;) obtained in this paper encompass both

angle measurements fot u(s — Ty )ds in the carrier frame and the attitude of the carrier
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platform d(t — 7,) measured by inertial sensors, when the prediction is made with a
known delay time 7 (i.e., T,y = T is known), in combination with Equation (22), we have
9(t — ) = y(t — 7). Consequently, the estimated value ?(t — 7,,) in Equation (23) can
accurately reconstruct the true command signal at the lagged time r(t — 7), meaning
#(t — ) = r(t — 7). By utilizing the target prediction algorithm to estimate the current—
time command signal R = r, the system overcomes the lag delay in the original off-target
deviation signal. At this point, Equation (19) is rewritten as follows:

P(t)

Pt =) + [y 9(s —7)ds ”
r(t — +ft Y(s—T)ds @)

The above equation can be derived from (3) to (8) as follows:

By using the attitude signal D provided by the inertial measurement unit (IMU) and
applying a back-projection transformation, the elevation and azimuth angles relative to the
carrier frame at the current time can be obtained. This, in turn, allows for the determination
of the angular position error relative to the carrier frame. This angular position error is
equivalent to the target off-target deviation E after interpolation and delay compensation.
After high-gain control in the velocity loop to suppress system disturbances, the final
output is the target angular response value in the geographical frame, denoted as Y.

The entire control process described above utilizes the “attitude transformation in
multiple spatial frames” to unify physical quantities to the current time as a “common time
reference”, as shown in Table 3.

Table 3. Description of various physical quantities in the entire control process.

Physical Quantities Spatial Reference Frame Time Reference Frame Remark
R: Angle position of Geographic frame The present moment Cannot be directly obtained.
the target
E: Angle position error of . . .
Geographic frame The present moment Cannot be directly obtained.
the target
Ee™™ : Off-target deviation Target frame The delayed time The .actual inputs to the system are
subject to sampling and lag delay.
After the forward projection
transformation from the target
R_¢: Estlmate.d. target Geographic frame The delayed time surface frame to the carrier frame and
angular position then to the geographic frame, the
lagged angular measurements and
inertial navigation data are used.
R: Estlmate.d. target angle Geographic frame The present moment After applymg thg target
position prediction algorithm
Following the transformation from
the geographic frame to the carrier
E : Estimated target angular Carrier frame The present moment frame, utilizing the current moment’s

position error

inertial navigation information, the
subsequent control inputs for
tracking are determined.

3.2. Algorithm Stability and Error Analysis
3.2.1. Control System Stability Analysis
Due to the significantly smaller magnitude of the control error E in the geodetic refer-

ence frame compared to the target’s angular position R, Equation (24) can be transformed
into its Laplace domain (S-domain) representation as follows:
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R(s) (s)e ™ + Y(s)e T tys
(8)e™™ (1 + Tms) (25)

(s)e~TSeTms

= = =

&

Thus, the transfer function within the dashed box in Figure 4 is given by:

Cg eTm$
i
G(S) — (1+ s )S _ &e”[ms (26)
_ CP eTmSe—Tm$ S
(1+C—p>s
S

Furthermore, we can derive the closed-loop transfer function of the control system as
shown in Figure 4 to be:

- C m -
G(s)e ™ _ Fetme™T - Cp @)

H =
(S) 1+ G(S)eiTs 1+ %eTmSefTs s+ Cp

Analyzing Equation (27), it can be observed that by designing the controller, i.e.,
|Cp| > 0, ensuring that the characteristic polynomial in Equation (27) is Hurwitz, the
control system is stable. Consequently, the stability of the system depicted in Figure 4 is
not affected by the time delay characteristics.

3.2.2. Algorithm Error Analysis and Comparison

A comparison is made between this technique and the improved Smith predictor
method based on off-target deviation and model output fusion [10]. The angle reference
values estimated by the improved Smith predictor are as follows:

Po(t) = r(t—T) —d(t — ) (28)

In this case, the estimation error of the improved Smith predictor method is given by:

t
bolt) = r(t) = olt) =d(t =) + [ i(s)ds 29)
Analyzing Equation (29), it is evident that the estimation error comprises two sources
of error: the carrier platform motion attitude d(t — 7) that cannot be measured by the
original tracking control system and the angular difference within the delay time [t — T, t].
In the case of a moving base motion platform and highly maneuverable detection targets,
these two sources of error will be significant.
Similarly, the prediction error obtained in this paper is given by:

t
o) = [ [i(s) = ils —)]ds (30)

Similarly, the prediction error obtained in this paper is given by:

Analyzing Equation (30), it is evident that the prediction error only contains the
difference between the angle gradients of the two adjacent sampling delay periods, which
are represented as [t —27 t— 17| and [t — T t]. When the target is in uniform motion or
exhibits low acceleration (including uniform acceleration or low-frequency periodic motion,
etc.), y(t) —y(t — T) = o(t). In such cases, the accuracy of this paper’s prediction algorithm
will be significantly higher than the original improved Smith predictor technique.
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4. Experimental Testing
4.1. Test Conditions

Conducting predictive tracking tests on a dual-loop optical-electronic tracking system
installed on a marine-based gyroscope platform, the equipment is mounted on a swivel
platform, and the physical representation of the equipment is illustrated in Figure 5.

——

Figure 5. The equipment is mounted on a swivel platform.

The swivel platform generates simultaneous pitch and azimuth oscillations with a
period of 5 s and an amplitude of 12 degrees. The tracking system is used to track a
horizontally moving target, which is handheld by a test operator. The moving target is
positioned at a distance of 12.5 m from the optical sensor head and moves back and forth at
a speed of 0.7 m/s in a direction perpendicular to the optical axis. The testing scenario is
depicted in Figure 6.

The predictive tracking test was conducted using a dual-loop optical tracking system,
with a specific type of marine theodolite as the target object. A swing table was employed
to induce simultaneous pitch and yaw motions with a 5 s period and a 12-degree amplitude.
It is worth noting that these dynamic conditions simulate the equipment’s tracking perfor-
mance when monitoring a moving target at a distance of 180 m with a speed of 20 knots.
The test setup is depicted in Figure 7. The servo frequency of the controller is 4000 Hz, and
the update rate of carrier attitude information provided by the inertial system is 500 Hz,
while the sampling rate of angle measurements and gyroscope information is 1000 Hz.

4.2. Test Results

The measured tracking characteristics obtained with three different tracking control
methods, including the PI control technique, the improved Smith predictor technique
(i.e., tracking control technique based on inertial information assistance), and the target
prediction control technique based on multi-space attitude fusion proposed in this paper,
were obtained and compared. High-gain control was used in the velocity loop for all three
tracking control methods.

Table 4 makes it evident that the target prediction control technique based on multi-
space attitude fusion can achieve higher control gains compared to the improved Smith
predictor technique. This is because the target prediction control technique based on multi-
space attitude fusion further eliminates the effects of delay and latency compared to the
improved Smith predictor technique.
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Figure 6. Schematic diagram of the testing scenario.
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Table 4. List of controller parameter values.

Position Loop

Control PI Control I.mprove.d T1.1e Control
Parameters Technique Smith Predictor = Technique Proposed
9 Method in This Paper
K 0.15 0.15 0.15
Pitch axis K; 115 46 137.5
K 0.15 0.15 0.15
. . p
Azimuth axis K 115 46 137.5
Velocity Loop
K 8 8 8
. . p
Pitch axis K; 100 100 100
K 30 30 30
. . p
Azimuth axis K 400 400 400

The test results are compared in Figure 8.

-3
x10
8 T I
@ PI control technique
@ Improved Smith predictor method
6 Curve@ @ The technique proposed in this paper
g _V‘
H 45 b
-
ko)
%0_ Curve®
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0 1 2 3 4 5 6

Time/s

Figure 8. Comparison of target tracking responses.

Analyzing the test data presented in Figure 8, it becomes apparent that the target
prediction control technique, as proposed in this paper and based on multi-space attitude
fusion, surpasses the performance of the other two control techniques. In contrast, both the
PI control and the improved Smith predictor technique exhibit noticeable tracking delays.
This is primarily due to the target’s motion during the update period of the off-target quan-
tity, leading to angular displacement errors that conventional feedback controllers struggle
to compensate for. Furthermore, the swifter the target’s motion, the more pronounced
the lag in the off-target quantity. Furthermore, the reason the improved Smith predictor
technique does not perform as well as the PI control technique is that, despite using current
inertial data for the azimuth angle after high-frequency interpolation, it still has to use
the off-target quantity data from the previous update time of the off-target quantity. This
introduces additional angular position errors during the space-based transformation, and
this error is also something that the feedback controller cannot compensate for. Further-
more, the target tracking accuracy using the three control techniques has been statistically
analyzed, as shown in Table 5.
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Table 5. Comparison of target tracking accuracy among three control techniques.
Control Technique Tracking Accuracy (RMS)
PI control technique 1.8 mrad
Improved Smith predictor 5.8 mrad

Target prediction and tracking control technique based

on multi-space frame attitude fusion 633 prad

Experimental data description: The data presented above were obtained under the
same conditions, with the target located approximately 12.5 m away from the optical-
electronic system. Over a 6 s duration, the target moved at a speed of 0.7 m/s in a direction
perpendicular to the optical axis.

Analyzing the test data presented in Figure 8 and Table 5 leads to the following
conclusions:

1. The target prediction and tracking control technique proposed in this paper, based on
multi-space-based attitude fusion, is significantly superior to the other two control
techniques. With PI control and the improved Smith predictor technique, when the
target is moving at a constant speed, there is a consistent deviation in the target
tracking error curve, indicating a noticeable tracking lag.

2. In the case of PI control, during the off-target measurement update time, both the
angular motion of the optical-electronic device itself and the linear motion of the
target can result in angular displacement errors that conventional feedback controllers
are unable to compensate for.

3. For the improved Smith predictor technique, using gyro information for external
disturbance estimation can suppress the interference caused by the angular motion of
the optical-electronic device itself. However, since there is no prediction of the target’s
linear motion trajectory, when tracking high-speed moving targets, it can actually
reinforce the tracking of the lagged target position, resulting in more noticeable
tracking lag errors.

4. The technique proposed in this paper has advantages over PI control and the im-
proved Smith predictor technique. It leverages real-time measurements from inertial
navigation information to compensate for the impact of the angular motion of the
optical-electronic device on tracking accuracy. Additionally, it establishes a target mo-
tion trajectory model in the relatively stable geodetic coordinate system to compensate
for the impact of target movement on tracking accuracy.

5. Conclusions

In conclusion, the challenge of achieving accurate tracking in optical-electronic track-
ing devices, particularly when dealing with highly maneuverable targets, is accentuated
by the presence of off-target measurement delays. In response to this issue, this paper
has introduced a target prediction and tracking control technique rooted in multi-space
state fusion. This novel technique augments the existing optical-electronic tracking control
system by incorporating high-frequency inertial navigation attitude information, along-
side angular feedback signals and off-target measurements. It efficiently transforms and
amalgamates the measured target angular displacement signals across various spatial
frames, encompassing the imaging frame, the platform frame, and the geodetic frame. By
doing so, it bridges the gap between discrete and high-discrepancy off-target measurement
signals, effectively reducing the sampling delay in off-target measurements. Furthermore,
through its ability to predict the target’s angular position, this technique contributes to
a further reduction in off-target measurement lag. The results of testing conducted on a
specific optical-electronic tracking platform when tracking highly maneuverable targets
clearly illustrate the superiority of the control technique proposed in this paper. It enhances
target tracking accuracy by a remarkable threefold compared to existing techniques. Under



J. Mar. Sci. Eng. 2023, 11,2175 17 of 17

identical experimental conditions, the statistical values of off-target measurements are
reduced from 1.8 mrad to 633 urad.
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