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Abstract: The disturbance rejection rate (DRR) is an inherent problem of the seeker. The additional
line-of-sight (LOS) angular velocity information of the seeker caused by the DRR will affect the
attitude of the aircraft through the guidance system, thus forming a parasitic loop in the guidance
and control system of the aircraft, which has a great influence on the guidance accuracy. In this study,
the influence of the DRR of the roll-pitch seeker on the stable tracking of a maneuvering target is
explored. First, the tracking principle of the roll-pitch seeker is analyzed and the conditions for
completely isolating the disturbance of the aircraft attitude are deduced. Then, the expression of the
frame error angle is derived, a semi-strap-down stable control closed-loop scheme is established,
and the DRR transfer function is derived by adding different disturbance torque models. Finally, the
simulation of stability tracking characteristics is carried out. The results show that when the aircraft
attitude is disturbed at a low frequency or the target is maneuvering at a low frequency, the DRR
caused by the spring torque has a great influence on the tracking angle of the two frames, the line
of-sight rate accuracy of the optical axis output and the detector error angle. On the contrary, the
damping torque DRR plays a leading role in tracking accuracy.

Keywords: roll-pitch seeker; disturbance rejection rate; stable control; tracking characteristic

1. Introduction

As an important part of aircraft guidance and control, a seeker can realize attitude
disturbance rejection and stable tracking of a space target [1,2]. The types of aircraft seeker
can be divided into two-axis and three-axis seekers according to the frame structure. For
the two-axis platform seeker, the disturbance of the vehicle attitude is eliminated, and the
target is tracked through the motion of the pitch frame and yaw frame. The angular rate
gyro on the inner frame is used to output the line-of-sight angular velocity information for
guidance [3,4]. Due to structural limitations, the line-of-sight range of this seeker cannot
be too large, and it is difficult to meet the requirements of large off-axis angle detection.
However, the three-frame seeker with pitch—yaw-roll has a large off-axis angle, but the
structure is more complex, its volume and mass are larger, and it cannot fully meet the
requirements of the aircraft for a large field of view, small volume, and light weight of the
seeker [5].

The roll-pitch seeker evaluated in this study is a new type of structural seeker. It
adopts the polar coordinate structure of a rolling outer frame and pitching inner frame,
which can achieve a frame angle of £90°. This enables the observation field of the seeker to
cover the entire front hemisphere, providing necessary conditions for the aircraft to realize
large off-axis angle detection. It has a large field of view of the platform seeker [6-9]. At the
same time, the roll-pitch seeker adopts a semi-strapdown stability control platform, which
does not install inertial devices on the platform and puts the detector on the aircraft. This
not only reduces the volume and mass of the seeker, but also improves the aerodynamic
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performance of the aircraft, and the strapdown seeker is characteristically small in size. The
roll-pitch seeker has the characteristics of strapdown guidance, a large field of view and
miniaturization, so it is very suitable for aircraft application [10-12].

However, there are still many technical difficulties in the application of the roll-pitch
seeker to advanced aircraft. For example, when an aircraft approaches a target, the inner
frame angle gradually decreases, and the small movement of the target deviating from the
seeker optical axis direction, such as due to target flicker, may lead to a large roll of the
seeker and zenith pass problem. At present, there are four main solutions for singularity:
1. variable parameter control [7]; 2. predictive control [13]; 3. adding a third axis; 4. tilting
mechanism [14]. The above studies on the overhead tracking control of a rolling seeker are
all based on the assumption that the system is linear time invariant and interference-free,
and the actual seeker control system is a complex system with parameter perturbation
and nonlinear interference [15]. In addition to isolating external disturbances such as the
attitude movement of the aircraft to maintain the spatial stability of the optical axis, the
seeker has internal friction and cable restraint torque interference, which affect the tracking
accuracy of the seeker. The guidance information output error caused by the attitude
movement and interference torque can be expressed by the DRR, which is usually defined
as the ratio of the extra line-of-sight rate of the optical axis caused by vehicle attitude
interference to attitude disturbance velocity. As a fixed characteristic of the roll-pitch
seeker, the DRR will affect the guidance accuracy of the aircraft by coupling to form a
parasitic loop on the guidance circuit [16-18].

To date, many scholars have provided their own research results on the structural
analysis and DRR model establishment of the roll-pitch seeker. Liu et al. [19] carried
out structural analysis and modeling on the guidance information module, frame control
module and optical axis control module of the roll-pitch seeker. The existing studies on the
DRR and parasitic loop of the seeker mainly focus on theoretical analysis from the aspects
of amplitude, frequency, and the influence of parasitic loop parameters of the DRR on the
stability of guidance system [20]. Du et al. [21] analyzed the influence of the DRR on the
accuracy of the guidance system by simulation and gave a quantitative conclusion. As
for how to reduce the influence of the seeker isolation parasitic loop, most of the current
mainstream methods include adaptive control [22], the extended state observer [23-26],
angular rate gyro feedforward compensation [27] and the Kalman filter [28] to achieve
disturbance identification compensation.

When estimating the DRR of the roll-pitch seeker, the above methods only consider
the DRR as a total interference of the system, and only reduce the DRR of the seeker,
but do not completely eliminate the DRR. Although increasing the track and stable loop
bandwidth can reduce the DRR problem caused by the aircraft attitude disturbance, as the
roll-pitch seeker is limited by the torque motor, frame angle sensor and other hardware,
the stable and track bandwidth cannot be infinite. Consequently, the roll-pitch seeker
cannot completely isolate the attitude disturbance, and will inevitably produce the DRR,
and cannot achieve complete compensation. Under the condition that the DRR exists,
there have been no relevant studies on the effects of the DRR generated by aircraft attitude
disturbance on roll-pitch seeker stability and the tracking of high maneuvering targets.
The DRR cannot be completely eliminated; therefore, this study evaluates the influence of
the DRR of the roll-pitch seeker on the stability and tracking, which can provide a basis for
the design of the control system of the roll-pitch seeker.

1. The stability loop of the seeker is analyzed, which adopts a semi-strap-down mode to
realize the stability of the platform.

2. According to the analysis of the kinematics and frame structure of the stable platform,
the conditions for the seeker to completely isolate the disturbance of the attitude
are obtained.

3. The closed-loop tracking control model of the roll-pitch seeker is established, and
the formula of the frame tracking instruction is derived. Then, the DRR model of
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the roll frame and pitch frame is established from the angle of frame control, and the
influence of interference torque on the DRR is analyzed.

4. The tracking ability of the seeker under different amounts of disturbance torque and
attitude disturbance is simulated and analyzed.

2. Roll-Pitch Seeker Stability Tracking Principle
2.1. Kinematics of the Framework Stability Principle

In this study, a two-axis, roll-pitch seeker was considered, as depicted in Figure 1. The
outer frame of the seeker is the roll, and the inner frame is the pitch, which are, respectively,
driven by the motor. The infrared detector is installed on the inner frame to detect and track
the target. The error angle relation of the target in the detector’s field of view is shown
in Figure 2. In order to describe the relative motion of the seeker’s inner and outer frame,
aircraft body and inertial space, the coordinate used in the model of the roll-pitch seeker
and the angle relationship between the coordinate systems were defined. The relationship
between each coordinate system is shown in Figure 3.

A
y n y w
R g, Pitch motor
@ ¢P Xn
X
Aircraft 0 -
Body o >
xb (xw )
Roll motor [\ / O
Z, ¢
z,(z,)
Figure 1. Scheme of the roll-pitch seeker.
Xpi Target
Optical
axis
z
n

Figure 2. Diagram of the seeker detector error angle.
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Figure 3. Coordinate transformation relationship.

Inertial coordinate ox;y;z;: The inertial coordinate system is based on the assumption
that the Earth is a plane, regardless of the influence of the Earth’s rotation; the origin
o selects the projection of the aircraft launch centroid on the ground; the ox; axis is the
intersection line between the ballistic plane and the local horizontal plane at launch; the
direction pointing to the target is positive; the oy; axis is perpendicular to the ox; axis; and
upward is positive in the plumb plane. The oz; axis is perpendicular to the ox; and oy; axes
and satisfies the right-hand coordinate criterion.

Body coordinate ox,y,z,: The coordinate origin o is taken at the center of mass of
the aircraft; the ox; axis coincides with the longitudinal axis of the aircraft body, pointing
positively to the head. The oy; axis is perpendicular to the ox; axis in the longitudinal
symmetry plane of the aircraft body, and is positioned positively upward. The three axes
are perpendicular to each other. The included angles between the body coordinate system
and the inertial coordinate are pitch angle 9, yaw angle ¢ and roll angle 1.

Roll frame coordinate 0xyYwzw: The origin o is set in the center of the detector; the
o0xy, axis coincides with the longitudinal axis oxy; the oy, axis is positive in the roll frame
plane and perpendicular to the ox;,, upward; and the o0z, is perpendicular to the ox, axis
and the oy, axis. The angle between the roll frame coordinate and body coordinate is the
roll frame angle ¢r.

Pitch frame coordinate ox,y,z,: The origin o is set in the center of the detector; the
oxy, axis coincides with the optical axis; the direction of the target is positive; the 0z, axis
coincides with the 0z, axis; and the 0z, axis is perpendicular to the ox; axis and the o0z,
axis. The angle between the pitch frame coordinate and the roll frame coordinate is the
pitch frame angle ¢p.

Line-of-sight coordinates ox;syszs: The origin o is taken at the center of mass of the
aircraft; the oxs axis coincides with the line of sight of the aircraft and the target is positive;
the 0z, axis is in the horizontal plane determined by the inertial coordinate system, perpen-
dicular to the lox axis, and positive to the right; the oy, axis corresponds to the oxs and oz
axes. The angle between the line-of-sight coordinate and the inertial coordinate is the pitch
line-of-sight angle g, and the yaw line-of-sight angle g,,.

Body line-of-sight coordinate 0x,1y,1z,1: The origin o is taken at the aircraft’s center
of mass; the ox,; axis coincides with the line of sight of the aircraft, and points to the target
positively. The 0z, axis is perpendicular to the axis ox,; in the pitch frame coordinate
plane, and the oy, axis is perpendicular to the 0x); and 0z, axes. The angle between the
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body line-of-sight coordinate and pitch frame coordinate is the pitch error angle ¢, and
yaw error angle ;.

According to the above coordinate transformation relationship, the kinematics model
of the roll-pitch seeker can be derived. This mainly describes the angle and angular velocity
relationship between the pitch and roll frame of the seeker, the pitch frame and the aircraft
body. The motion of the seeker optical axis in space is affected by the motion of the aircraft
attitude and the frame, and its motion relative to the inertial space can be obtained by the
composite motion of the aircraft attitude, the roll frame and the pitch frame.

The component of the attitude angular velocity relative to inertial coordinate in the
body coordinate is wi’ s1: The angular velocity of the roll frame relative to the aircraft body
is the component of the roll frame is w; ,,; the angular velocity of the pitch frame relative
to the roll frame the component of the pitch frame is w

n/w*
b “hx w ¢R n 0
Wy = |Why | Weyp= {0 | Wy =10 ¢))
Whz 0 (PP

In the above formula, wyy, wpy and wy, represent the measurement information of

the inertial navigation of the aircraft body; ¢ r and ) p are the frame angular velocity of
the seeker.

The angular velocity of the roll frame with respect to the inertial system and the
component wy, on the roll frame can be obtained by adding the angular velocity of the roll
frame with respect to the aircraft body and the component w; , on the roll frame with
respect to the aircraft body. With respect to the inertial system, the component w;/,; on the
roll frame is represented as wy = wy, T wz"/ ; where w?’/ ; is obtained from the angular

velocity of the aircraft attitude relative to the inertial system in the component wg s of the

body system by coordinate conversion, that is, wy’,; = Cg’wZ /1- The angular velocity of the
roll frame relative to the inertial system can be written as:

W = Wy + Ciuwg/z

PR 1 0 0 Wy PR + Wy )
=] 0 |+ ]| 0 cos(¢r) sin(¢r) wpy | = | wpycosPr + wp, singr
0 0 —sin(¢r) cos(¢r) Wy —Wpy SIN PR + Wy, COS PR

Similarly, the angular velocity of the pitch frame with respect to the inertial coordinates
can be expressed as a projection of the pitch frame coordinates:

i n n
wp = Wy, + Cllwy

[0 cospp singp O Pr + Wpx
= .0 + |—singp cosPp 0| | wpyycosPr + wp, sinPr
LPp 0 0 1 —Wpy SINPR + Wy, COS PR 3)

[ 4’1{ COS Pp + Wy COS Pp + Wy COS PR SINPp + Wy, SIN PR SIN Pp
= | —PgsinPp — wWyy SinPp + Wy, COS PR €OS Pp + Wy, SN PR €os Pp
$p — wWpy SINPR + Wy, cOS PR

The roll frame only moves around the ox;, axis, and the measured angular rate of the
frame is:

Pr = Wwx — Wpy 4)

Through the combination of the angular velocity information of the roll frame and the
angular velocity information of the body, the rotational angular velocity wyy of the roll
frame relative to the inertial space can be obtained so as to form the stable loop of the roll
frame. The schematic diagram is shown in Figure 4. Inside the dotted frame is the model for
calculating the rotation velocity of the roll frame in inertial space by mathematical solution.
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Figure 4. Stable loop of the roll frame.

As can be seen from Figure 4, the stable loop of the roll frame is only related to the roll
angle rate of the aircraft body. It is not affected by the yaw and pitch velocity of the aircraft
attitude and is not affected by the motion of the pitch frame.

The angular velocity of the pitch frame with respect to the inertial space can be
expressed as:

4’12 COS Pp + Wy COS Pp + Wy COS PR SINPp + Wy, SIN PR SIN Pp
Wn = | —Pr SinPp — wWpy SINPp + Wy, COS PR COS Pp + Wy, SIN PR €OS Pp 5)
$p — wpy SINPR + Wy, cOs PR

The pitch frame only has movement around the 0z, axis, and its measurable pitch
frame angle rate is:

Pp = Wnz — (—wpy singr + wy; cos pr) (6)
Similar to the roll frame, through the combination of pitch frame angular velocity
information and attitude angular velocity information, the angular velocity of the pitch

frame relative to the inertial space can be calculated, thus forming a stable loop of the pitch
frame. The stability loop diagram of the pitch frame is shown in Figure 5.

a)l’l_'l' 1
Stable' L 3! Motor > Pitch >
— loop Gain frame )
nz
Stable loop

Pitch frame %
angular rate |~ T_‘ Angular rate of attitude

—0,, sing, +,_cos g,

Figure 5. Stable loop of the pitch frame.

As can be seen from Figure 5, the stable loop of the pitch frame is not affected by the
roll angle velocity of the aircraft attitude, but is affected by the pitch angle velocity and
yaw angle velocity of the aircraft attitude, and is related to the roll frame angle. Due to the
coupling effect of roll channel, its stability is also affected by the angle of the roll frame.

2.2. The Conditions for a Stable Platform to Completely Isolate the Disturbance of the
Aircraft Attitude

Without considering the influence of the dynamics of the stable platform, it is assumed
that the frame bearing is smooth and there is no disturbance torque. The stable platform
has roll frame and pitch frame, which can isolate the disturbance caused by the roll and
pitch channels of the aircraft attitude, while the yaw channel has no freedom, and cannot
effectively isolate the disturbance of the attitude in the yaw direction to achieve decoupling.
According to the decoupling of the roll frame bearing, the roll frame bearing can effectively
isolate the disturbance of the roll channel of the aircraft attitude, so that the angular velocity
wywy of the relative inertial space of the roll frame in the roll direction is 0, that is:

Pr + wpy =0 7)
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From the decoupling of the pitch frame bearing, it can be seen that the pitch frame
bearing can effectively isolate the aircraft attitude disturbance in the pitch direction of the
pitch frame, making the angular velocity wy;, of the relative inertial space of the pitch frame
in the pitch direction 0, that is:

pp — Wyy Sin PR + Wy, cos Pr = 0 (8)

According to the bearing connection structure relationship of the roll-pitch seeker, the
projection relationship diagram of the aircraft attitude disturbance on the internal frame
coordinate of the seeker shown in Figure 6 can be obtained.

Body

disturbance Roll frame input Roll frame output  Pitch frame input Pitch frame output
Gy, (5)=0 G, (s)=1
Rx -
a)bx Cl)wx R > 0 C()"x /_‘( ) > a)mc
P =~
4 n
Cl (@) L ael| |
Gpy () =1 G, (s)=1
a)by —> a)w)’ = > a)W.V g a)ny o > a)ny
Projected Projected
onto the onto the
roll pitch
10) frame | ¢p) GR, (s)=1 ) p ) G, (s)=0 O
bz Wz | W, | frame - ¢ >
=-0
P Wz

Figure 6. Projection of the disturbance on the pitch frame coordinate.

The above two formulae are automatically satisfied by the seeker bearing structure,
without the need to add control torque.

The angular velocity of the pitch frame relative to the inertial space on the z axis is
completely isolated, while the component on the y axis may not be isolated. The angular
velocity of the pitch frame relative to the inertial space on the y axis is:

Wpy = —¢R Sin¢p — Wy, SINPp + Wy, COS PR cOS Pp + Wy, Sin PR cos Pp
=- ((,DR + wbx) sin¢p + (wby COS PR + wp, sin 4>R) cos ¢p )

= (wby COS PR + wy, sin¢r | cos pp

When the line of sight of the seeker is stable, the line-of-sight angular velocity of the
relative inertial space of the pitch frame in the z direction and the y direction is equal to 0.
Since the z direction of the pitch has been decoupled through the bearing, at this time, only
wyy = 0 needs to be satisfied, which can be obtained as:

(why COS PR + Wy, sin ch) cos¢gp =0 (10)

By solving the above formula, we can obtain:

Pr = —atan(wby/wbz)orcosgbp =0

When the pitch frame angle is £90° and the pitch frame rotation axis is in the same
direction as the y axis of the aircraft body, the yaw direction angular velocity of the aircraft
attitude can be isolated through the bearing at this time. In addition, if the aircraft attitude
has pitch angle velocity at this time, the stable platform cannot isolate the pitch angle
velocity of the aircraft attitude. Only when the roll frame angle is —a tan (wby / wbz) can
the stability platform isolate the disturbance of pitch direction and yaw direction at the
same time to achieve complete decoupling.

In order to completely isolate the disturbance of the aircraft attitude, the roll frame
angle control is needed to make the roll frame angle ¢r of the aircraft body equal to the
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frame angle instruction ¢rc required for complete decoupling. When the roll angle ¢r of
the seeker’s roll frame differs by A¢r angle from the desired decoupling direction ¢rc, if
the attitude disturbance combination velocity is set as w, the error angle A¢r will generate
the optical axis disturbance angular velocity wA¢r on the vertical pitch frame plane. The
principle diagram of the optical axis disturbance angular velocity is shown in Figure 7.

Disturbance
direction of the
angular velocity

ONT Pitch frame
direction

r

|
|
|
|
|
| Roll frame error angle
|
|
|
|
|
l

Pitch frame bearing

— " —_—
«

Optical axis yaw direction angular velocity wA¢,
Figure 7. Principle of the existence of the angular velocity of optical axis disturbance.

When the difference in the A¢r angle between the seeker’s roll angle ¢r and the
desired decoupling direction ¢rc is smaller, the isolation ability of the stable platform
to the aircraft attitude disturbance is stronger, and the yaw disturbance angular velocity
is smaller.

3. Roll-Pitch Seeker Semi-Strap-Down Stability Control Scheme
3.1. Closed-Loop Track Principle

The detector of the seeker is fixed on the aircraft body, and the infrared radiation of
the target is converted to the focal plane of the detector along the optical path through the
Kuder optical path. The target position deviation obtained from the infrared image reflects
the deviation information between the direction of the optical axis and the line of sight
of the aircraft. The deviation information is calculated by the controller, and the control
torque of the roll frame and the pitch frame is obtained to drive the frame movement. In
order to reduce the deviation between the optical axis and the line of sight, the optical
axis and the line of sight of the aircraft are consistent in the inertial space, and the target
tracking is realized.

The target error angle (&p, &,) measured by the seeker detector is calculated with the
current frame angle ¢r and ¢p, and the frame angle tracking error instructions of the pitch
frame and the roll frame are A¢r and A¢p, respectively. The track error instructions are
then obtained through the tracking loop correction process to obtain the input instructions
of the stable loop. The projection point of the target point P on the seeker detector is P/, as
shown in Figure 8.

Q
N D>
hx& o
th ’"Q
K\
N
A

Figure 8. Schematic diagram of detector measurement error angle.
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In order to track the target, it is necessary to eliminate the error angles ¢, and ¢, of
the detector, and make P’ on the detector coincide with the center point O of the detector
through the movement of the seeker roll frame and the pitch frame, the ox; axes of the
pitch frame coordinate coincide with the 0xs axes of the line of sight coordinate.

For the ¢y in the direction of y, in the detector, it can be directly eliminated by control
the pitch frame, while for the ¢, in the direction of z,, because the seeker has no yaw frame,

it cannot be directly eliminated. It is necessary to rotate the roll frame A¢r angle around
the ox,, axis; at this time, there is only € = e%, + 8]2/ deviation in the direction of v, on the

detector. The pitch frame A¢p angles should then be rotated around 0z,. P’ on the detector
can be made to coincide with the center point o of the detector, and the movement of the
target point on the detector is shown in Figure 9.

AV A)

D
\ A

(a)

Figure 9. Schematic diagram of image changes on the detector: (a) Roll frame motion; (b) Pitch
frame motion.

The error angle is used to control the tracking of the target and the rejecting disturbance
of the aircraft attitude. The frame angle command is calculated according to the error angle
measured by the detector, so as to carry out the frame control and ensure the stable tracking
of the target under the disturbance of the target motion. According to the structural
characteristics of the roll-pitch seeker, the semi-strap-down stable control scheme of the
roll-pitch seeker is established, as shown in Figure 10.

w,

P Track loop — [ Frame angular rate |J—————
— e————
S
¢5 < Stable loop
R
Y—
Track loop Stable loop
A
> Gain ;}}@—b Gain —>| Motor |—)| Roll frame "
¢R A¢R wxc wx
Roll frame
p 8; Frame angle
Detector °©
command
¢ A Pitch frame
r . ¢P a)ﬂ:C (0]
s | Track loop Stable loop . =
¢ > Gain —)iei_—) Gain —)I Motor |—>| Pitch frame
P
,: < Stable loop
—,, sin gy, + @, cos gy

Frame angular rate

Figure 10. Principle of roll-pitch seeker stable control system.
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Figure 10 shows the tracking loops of the roll frame and the pitch frame, whose
feedback is the roll frame angle ¢r and the pitch frame angle ¢p, respectively. The tracking
errors of the frame angle A¢r and A¢p are obtained by nonlinear calculation with the
detector error angle (g, ¢y).

Roll frame tracking error angle A¢r by tracking loop gain is used to obtain the input
command of the stable loop, and the feedback quantity of the stable loop is the roll angle
velocity wyy in the inertial space of the roll frame.

The input command of the stable loop is subtracted from the feedback angular velocity
information, and the input voltage of the torque motor is obtained through stable loop gain.
The frame is moved through the motor rotation so that the tracking error of the roll frame
A¢gr is 0. The pitch frame control is similar to the roll frame control. Finally, the tracking
error A¢p of the pitch frame is 0.

3.2. Frame Tracking Instruction Calculation

The roll frame of the seeker is a roll frame that can roll around the longitudinal axis
oxy, of the aircraft body; the pitch frame is a pitch frame, and the axis pitch movement can
be carried out around the 0z, axes of the roll frame. The detector error angles are ¢, and ¢,,.
Figure 11 shows the coordinate transformation relationship of the roll-pitch seeker.

Body line of sight Ay Body line of sight
coordinate » coordinate
OpoypZZpZ Oxp]yplzpl

A y
¢R +A¢R‘ ¢P +A¢P ‘9y‘ €.
=4 N DA Foainn o - Dl Coninnn
body TK 1 1rarnc TP rici irainc
coordinate »{ coordinate »| coordinate
Oxbybzb Oxwywzw Oxnynzn

Figure 11. Schematic diagram of coordinate transformation of roll-pitch seeker.

As is shown in Figure 11, the body coordinate ox,y,z, can obtain the roll frame
coordinate 0xyYwzyw by roll frame motion ¢r, and the pitch frame coordinate system
0XnYnZy by pitch frame motion ¢p. The pitch frame coordinate system is converted to the
body line-of-sight coordinate 0x,1y,12,1 by rotating the detector pitch deviation ¢, and
yaw deviation ¢y, and the axis 0x,; of the coordinate system points to the target.

Therefore, the transformation process from the aircraft body coordinate to the body
line-of-sight coordinate ox,1y,1z,1 can be expressed as:

Xp1 Xp
Ypr | = ChCLCY |y (11)
Zp Zp

Similarly, the body coordinate can also rotate the roll frame angles (¢r + A¢pr) and
pitch frame angle (¢p + A¢p) to obtain the body line-of-sight coordinate 0xp2y2z;2, and
the 0x,, axes of the body line-of-sight coordinate 2 point to the target.

Xsi Xp
Ysi | = Lz(¢p + Adp)Lx(Pr + APR) | Vb
Zs] Zp

cos(¢p + App)  sin(pp +Agp) 0
—sin(¢p + App) cos(¢pp + App) 0 0 cos(¢r +APr)  sin(¢pr + A¢r) Vb
1

12
1 0 0 Xp ( )

0 0 0 —sin(¢pr +A¢r) cos(¢pr + A¢r) Zp
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The 0x)1 axes and 0x,; axes both point to the target, and there is a line-of-sight roll
angle Ay difference between the two coordinates. Then, the transformation matrix Cl, CuCy
from the body coordinate system to the body line-of-sight coordinate system 1 and the
first line elements of the transformation matrix L, (¢p + A¢p)Lyx(¢pr + Apr) from the body
coordinate system to the coordinate system ox ;Y222 correspond to each other, and we
can obtain:

cos(¢p + A¢p) = cosey cos ey, cos pp — sin ey sin Ppp

sin(¢p + Agp) cos(Pr + APr) = cosey cosey sinPp cos Pr + sing, cosPp cosPr + cose, sing, sinPr (13)
sin(¢p + Agp) sin(pr + APr) = cosep cosey sin¢psin g + sine, cos pp sinpr — cos ey sin ey cos Pr

By solving the above equations of motion, we can obtain the pitch frame error angle
calculation formula as:

A¢p = +cos!(cos €p COS €, COS pp — sine, sindp) — ¢p (14)

In the above Equation (14), if ¢, < 0 and ¢p > —ep, or e, > 0and ¢p > —¢yp,
the inverse cosine function is given a positive sign in front, and a negative sign in all
other conditions.

The formula for calculating the error angle of the roll frame is:

_ 1 —Cos¢psingy
A¢r = tan : - (15)
COS €p COS €y SN ¢Pp + sine, cos Pp

The conditions of use in the above formula: when ¢p # 0 or e, # 0. When ¢p = 0,
ep = 0,if g, = 0, then Apr = 0°; If &, > 0, then Apr = —90°; If &, < 0, then Agpr = 90°.

It can be seen from the calculation formula of the error angle of the pitch frame and
the roll frame that the current roll frame angle ¢r has no influence on the calculation of
the frame error angle, and the influence of the roll frame angle is reflected in the detector
error angles ¢, and ¢,. According to the nature of the arctangent trigonometric function,
the range of error angle A¢r of the roll frame is —90° < A¢pr < 90°. By calculating the
error angles of pitch frame and roll frame, a two-frame servo control can be carried out to
eliminate the detector error angles ¢, and ¢y.

3.3. Frame Control DRR

The platform pitch-yaw seeker eliminates the error angle in the pitch direction through
the motion of the pitch frame, and the yaw direction error angle of the detector through the
motion of the yaw frame. There is a certain numerical coupling between the two channel
instructions, but they are relatively independent in the rotation process. At the same time,
an angle rate gyro is installed on the inner frame, which can output the line-of-sight angle
rate. Therefore, for the platform seeker, the DRR can be defined by the extra line-of-sight
angle rate caused by the aircraft attitude disturbance, while the roll-pitch seeker can only
differentiate the frame angle measured by the frame sensor to obtain the frame angle rate.
For the roll-pitch seeker, the DRR can be defined as:

w
R,,, = —©X/"Z  100% 16
r/p Whx/bz X o ( )

Among them, R,/ is the DRR of the roll frame and pitch frame, and wy, . is the
rotational angular velocity of the two frames relative to the inertial space caused by the
disturbance of the aircraft attitude wy, /4.

The roll frame and pitch frame control model are shown in Figure 12.
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Figure 12. Frame control model.

The interference torque affecting the DRR mainly includes the spring torque and
the damping torque, so that the spring torque coefficient is K;;, and the damping torque
coefficient is K. This is proportional to the spring torque and the viscous damping torque.
The spring torque model Gp(s) = K, /s and damping torque model Gp(s) = K, are
included in the block diagram of Figure 12, and the DRR of the frame can be derived

as follows:
RKn — Ky (Ls+R)
r/p — JL$3+]Rs?2+(Gy(3)Kr+KyL)s+KyR+Gy(s)Go(s)KT

(17)
RKw — Ko Ls?+KoRs
r/p — JL$3+(KwL+JR)s2+(Gy(s) KT +KwR)s+G1 (s)Go (s)Kr

The control parameters of the roll and pitch frame are shown in Table 1. The frame
track loop G (s) takes only the scale term G, and the stable loop G (s) takes only the scale
term Gy.

Table 1. Roll frame and pitch frame control loop parameter.

Parameter Roll Frame Pitch Frame Unit
Tracking loop gain Gy 24 12 -
Stable loop gain G, 18 18 -
Resistance R 13.5 12.5 Q
Inductance L 0.00675 0.0075 H
Rotational inertia | 0.0087 0.00305 Kg m?
Torque coefficient K 0.81 0.28 Nm/A

If the input of the roll error angle of the roll frame is 0 and the roll disturbance of the
aircraft attitude is a sinusoidal motion with an amplitude of 5°/s and a frequency of 2 Hz,
the DRR generated by the interference torque is related to the form and coefficient of the
interference torque. Then, the roll angle velocity wqy of the roll frame relative to inertial
space under the influence of interference torque can be obtained through simulation, as
shown in Figure 13.
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Figure 13. DRR generated by roll interference torque: (a) damping torque; (b) spring torque.

As can be seen from Figure 13, the DRR generated by damping torque is sensitive to
the change in its coefficient K,,. When K, is 0.05, 0.1 and 0.15, the DRR is 3.5%, 6.6% and
9.5%, respectively. When the spring torque coefficient K, is 0.3, 0.5 and 0.8, the DRR is 2.1%,
3.5% and 5.4%, respectively. From the amplitude—frequency characteristics of Figure 14, it
can be seen that the isolation interference factor of the seeker is damping torque, which has
a greater impact on the aircraft attitude disturbance above 10 Hz, and the spring torque
has a greater impact on the seeker when the aircraft attitude disturbance frequency is
0.1~10 Hz. The initial phase of the DRR transfer function of the two is 90° and 0°, so the
isolation parasitic loop can be considered as positive feedback. The law of the pitch frame
DRR is similar to that of the roll frame; thus, it will not be repeated here.

Bode Diagram Bode Diagram

: 0 , ;

Magnitude (dB)
5

Phase (deg)

—180 L 1 1

10°

10!

10? 10° 10* 10° 10! 10? 10° 10"

Frequency (rad/s) Frequency (rad/s)

(a) (b)

Figure 14. Bode diagram of DRR function under different interference forces: (a) damping torque;
(b) spring torque.

4. Simulation

4.1. Stability of the Roll-Pitch Seeker

According to the disturbance analysis of the isolated aircraft attitude and the control
scheme of the stabilized platform, it can be seen that the seeker achieves platform stability
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through semi-strapping. In addition, it can isolate the angular velocity interference of the
roll and pitch of the aircraft attitude through the movement of the roll frame and pitch frame.
For the yaw angular velocity, complete decoupling can be realized only when the angle
of the roll frame is satisfied, and the velocity direction of the pitch and yaw disturbance
of the aircraft attitude is the same. The roll seeker needs to isolate the aircraft attitude
disturbance by roll frame angle, in which case, the two frames need to cooperate in control.
This section will analyze the stability ability of the platform under different conditions.
MATLAB/Simulink on the computer (AMD, Ryzen-7 4800 H, 2.9 GHz, RAM, 16.0 GB) was
used to simulate and analyze the stability of the platform under different conditions.

The simplified frame control model was selected. The bandwidth of the tracking loop
of the pitch frame control system was selected as 2 Hz, and the gain of the stable loop was
30 Hz. At the initial time, the seeker’s optical axis pointed to the target and the target was
fixed. The influence of the DRR of the roll seeker on the motion of the optical axis under
the disturbance of the aircraft attitude was analyzed.

The yaw direction disturbance of the aircraft attitude is:

9 =0° wpy =0°/s
p=0° Wy = sin(47tt)° /s
v =0° wy, =0°/s

When the initial attitude angle of the aircraft attitude is 0 and the yaw direction of
the aircraft attitude is sin(47tt)° /s, the initial roll frame angle and pitch frame angle of the
seeker are ¢r = 0° and ¢p = 0°. Adding spring and damping interference torque to the
roll frame, the damping torque coefficient K., was 0.05, 0.1, 0.15, and the spring torque
coefficient K, was 0.3, 0.5, 0.8. According to the condition that the roll seeker completely
isolates the disturbance of the aircraft attitude, the required roll frame angle is:

Prc = —atan (wby/wbz) =90°

The roll frame needs to be rolled 90° to completely isolate the aircraft attitude distur-
bance. The roll-pitch seeker optical axis and frame motion curves under different DRR
models are shown in Figures 15-21.
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Figure 15. Roll frame angle.
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It can be seen from the simulation results that under the influence of interference
torque, the roll frame produces an extra frame angle rate and the roll frame angle deviation.
With the increase in Kj;, the roll frame angle error is larger, while under the condition of
low-frequency rotation, the K, has little influence on the roll frame angle. Under normal
circumstances, when the seeker’s roll frame angle is 90°, it can completely isolate the yaw
angular velocity disturbance of the attitude and ensure the stability of the optical axis in
inertial space. However, K;; = 0.8 has the greatest effect on the DRR; an additional pitch
direction component will be generated when the pitch frame isolates the yaw direction
disturbance. With the increase in the spring moment, the deviation in the pitch line-of-sight
angle rate is larger, and the yaw direction cannot completely isolate the disturbance of
aircraft attitude, resulting in a line-of-sight angle rate error. The detector pitch and yaw
error will increase under the interference of the spring moment.

The roll frame Is the Ideal model, and the disturbance torque model Is added to the
pitch frame. Under the above conditions, the simulation results are shown in Figures 22-28.
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Figure 23. Pitch frame angle.
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As can be seen from the simulation results, the roll frame can accurately track the
control instruction to turn to 90°, and there is a coupling angular velocity in the pitch
direction of the optical axis during the roll process. The transition time of the roll to 90°
is very short, and the pitch angle velocity of the optical axis caused by the disturbance
of the attitude is quickly stabilized at 0°. Under the interference of damping torque, the
DRR increases with the increase in K,,. In addition, the line-of-sight angle rate in the yaw
direction of the optical axis coupled with the attitude disturbance information will also
increase. This results in the detector error oscillating back and forth in the pitch direction.
The DRR generated by the spring torque has little influence on the pitch line-of-sight angle
rate and detector error under the high-frequency disturbance.

Without changing the parameters of the track and stable loop gain of the two frames
of the seeker, it is assumed that the seeker model parameters in Table 1 are perturbed in
the range of +20%. To compare the robustness of the seeker under different interference
parameters, 100 Monte Carlo simulations are conducted under each working condition.
The simulation results of the DRR of the seeker pitch frame are shown in Figure 29.
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Figure 29. Pitch frame Monte Carlo simulation.

As can be seen from Figure 29, the average DRR in 100 Monte Carlo cycles under
the influence of damping interference torque remains between 2% and 4%, and the DRR
generated by spring torque interference is less than 1%, indicating that spring torque
interference has a high robustness when the frame is rotating at a high frequency.

Maintaining the above simulation conditions, there are interference torques in both
pitch and roll frame. The simulation results are shown in the following Figures 30-32.
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Figure 30. Optical axis pitch LOS rate.

As can be seen from the simulation results, when there is a yaw direction disturbance
in the aircraft attitude, tracking errors exist in both the roll frame and the pitch frame under
the influence of the DRR, which cannot completely eliminate the disturbance of the aircraft
attitude. The roll direction is greatly affected by K;, = 0.8 under low-frequency motion,
while the pitch direction is greatly affected by K., = 0.15 under high-frequency motion.
The coupling problem of aircraft disturbance information exists in both the pitch and yaw
line-of-sight rate of the optical axis, and the error angle of the detector increases with the
increase in the interference torque.
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Figure 32. Error angle: (a) Detector error angle; (b) Pitch and yaw error angle of the Detector.

4.2. Tracking Ability of the Roll-Pitch Seeker

The roll-pitch seeker needs the cooperative control of the roll frame and the pitch
frame to track the target. Assuming that the seeker’s optical axis points to the target at the
initial time and the target moves according to a certain law, the motion characteristics of
the seeker’s optical axis under different conditions were analyzed.

4.2.1. Target Single-Plane Motion

1. The direction of the target movement is the same as the direction of the disturbance of
the aircraft attitude.

When the line of sight moves only in the pitch direction, the roll-pitch seeker can track
the target solely through the pitch frame motion, just like the pitch-yaw seeker, without
the roll frame motion. At this time, only the pitch frame has spring torque and damping
torque, and the motion law of the line-of-sight angle rate is as follows:
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It can be seen from the simulation results that the angular velocity of the optical axis is
equal to the output angular velocity of the motor. In the case of no attitude disturbance,
when K, = 0.8, the speed response of the pitch angle of the optical axis is the fastest, but
the error angle of the pitch frame tracking steady state and the detector pitch direction
are the largest. The damping torque has a certain influence on the tracking speed, and
the damping torque is proportional to the tracking lag. The larger the damping torque
coefficient, the slower the response speed of the pitch frame and the larger the steady-state
error angle of the detector (Figures 33-36).
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Figure 34. Angular rate of pitch frame.

The velocity of the above target is maintained in the pitch direction, whereas the
sinusoidal disturbance exists in the pitch direction attitude, and the motion law of the

attitude is as follows:
wyy = sin(47t)° /s
At this time, the disturbance torque is added to the stable loop of the pitch frame, and
the simulation results are shown in the Figures 37-40.
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As can be seen from the simulation results, when the maneuvering direction of the
target is the same as the direction of the disturbance of attitude, the optical axis cannot
completely isolate the disturbance of attitude. Therefore, the pitch angle velocity is affected
by the DRR, coupled with the attitude disturbance information. The DRR generated by
the damping torque has a greater impact on the tracking performance. It can also be
verified by Figure 41 that the DRR generated by damping torque is 5%~10% on average,
which is much larger than the spring torque. Therefore, when there is a high-frequency
disturbance, the damping interference torque has a great influence on the seeker’s stable
tracking accuracy, which also conforms to the amplitude—frequency characteristics of the
DRR transfer function.
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Figure 41. Pitch frame Monte Carlo simulation.

2. The movement direction of the target is different from the disturbance direction
of attitude.

The velocity of the above target is maintained in the pitch direction, while there is a
sinusoidal disturbance in the yaw direction of the aircraft attitude, and the motion law of
the aircraft attitude is as follows:

wy, = sin(47tt)°/s

At this time, the disturbance torque is added to the stable loop of the roll frame and
the pitch frame. The simulation results are shown in the Figures 42-48.

Roll-Frame Angular(deg)

Figure 42. Roll frame ang]le.
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It can be seen from the simulation results that when the pitch direction needs to
track the target, disturbance in the yaw direction of attitude is completely isolated, the
roll frame needs to rotate according to the angular velocity of the aircraft attitude in the
direction of the vector size of the tracking velocity and disturbance velocity, and there
is a sinusoidal movement. According to the amplitude—frequency and phase—frequency
characteristics of the DRR, it can be seen that, the damping torque has a great influence
on the tracking accuracy of the angle and angular velocity of the roll frame, and there is a
certain lag. Figure 49a shows that when K, = 0.15, the maximum DRR is approximately
4.3%. The pitch direction of the pitch frame is greatly affected by the DRR of the spring
interference. It can be seen from Figure 49b that when K,, = 0.8, the maximum DRR
average is approximately 6.8%, and the steady-state tracking error and detector tracking
error increase with the increase in the spring torque coefficient. The pitch sight angle rate
of the optical axis is significantly affected by the spring interference torque, and the yaw
direction sight angle rate should be 0°/s.
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Figure 49. Monte Carlo simulation: (a) roll frame; (b) pitch frame.

Due to the special structure of the roll-pitch seeker, it is impossible to achieve complete
isolation of the aircraft attitude disturbance like the pitch-yaw seeker, which allows certain
detection errors. Under the high-frequency yaw direction disturbance, the seeker is greatly
affected by the damping torque and the damping torque coefficient is larger. This results in
a greater deviation angle of the yaw direction detector.

4.2.2. Target Space Motion
The attitude angle of the aircraft is 0. The simulation results are as follows:
1.  Target tracking without aircraft attitude disturbance

The target moves in both directions in inertial space, and the line-of-sight movement
is as follows: {

When there is no disturbance of attitude, the disturbance torque is added to the pitch
frame and the roll frame at the same time. The simulation results are shown in the following
Figures 50-55.

qp =1°/s
q, = sin(47t)" /s
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Figure 54. Optical axis pitch LOS rate.
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As can be seen from the figures, when the pitch direction and yaw direction track the
target at the same time, the roll frame needs to rotate according to the tracking velocity in
both directions and the direction of vector size, thus generating a sinusoidal motion law.
According to the amplitude—-frequency and phase—frequency characteristics of the DRR,
when K, = 0.15, it has the greatest influence on the tracking accuracy of the roll frame
angle and angular velocity. The pitch frame is greatly affected by the DRR of the spring
interference; the steady-state tracking error will increase with the increase in the spring
torque coefficient, and the tracking error of the detector pitch direction will also increase.
The LOS rate of the optical axis is affected by the spring interference torque, and the DRR
of the damping torque has a great influence on the LOS rate in the yaw direction. From
Figures 5658, it can be seen that the torque DRR of the roll frame spring has a greater
influence on the detector pitch direction error, while the damping torque DRR of the pitch
frame has a greater influence on the maximum tracking error of the detector yaw direction.
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Figure 56. Error angle: (a) Detector error angle; (b) Pitch and yaw error angle of the Detector.
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Figure 57. Detector error angle in case the DRR exists in the pitch frame.
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Keep the target moving in the pitch and yaw directions, while attitude disturbance is

Target tracking under aircraft attitude disturbance
in the pitch direction, and the line-of-sight movement is as follows:

2.

q, = sin(47tt)" /s

q,=1°/s

{

The motion law of the aircraft attitude is:

sin(47t)° /s

Why =

The simulation results are shown in the following Figures 59-63.
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Figure 59. Pitch frame angle.
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As can be seen from the simulation results, under the influence of the DRR of damping
torque of the pitch frame, the pitch line-of-sight rate of the optical axis is coupled with
a large amount of aircraft attitude information. This results in an increase in the pitch
line-of-sight rate deviation and the detector yaw direction error in the presence of high-
frequency disturbance in the pitch direction. As can be seen from Figure 64b, the average
DRR generated by the pitch frame is approximately 1.1% when the spring torque K, = 0.8.
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Figure 64. Monte Carlo simulation: (a) roll frame; (b) pitch frame.

The simulation results show that when the aircraft attitude is disturbed and cannot be
isolated completely, the motion of the optical axis will be disturbed by the aircraft attitude
motion, and there will be a large deviation from the angular velocity of the line of sight.
In the case of high-frequency attitude disturbance, the DRR of the damping torque has
a great influence on target tracking accuracy, while in the case of low-frequency attitude
disturbance, the spring torque has a great influence on the frame angle and LOS rate of the
optical axis.

5. Conclusions

In this study, the stable tracking principle of the roll-pitch seeker was evaluated, and
the influence of the DRR on the stable tracking characteristics of the roll-pitch seeker was
investigated. The following conclusions can be drawn:
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The roll-pitch seeker adopts a semi-strap-down mode to achieve platform stability,
which can isolate the disturbance in the roll direction and pitch direction of the aircraft
attitude. Furthermore, the isolation of the yaw direction disturbance requires the roll frame

angle to be —a tan (wby / wbz) . The smaller the error A¢r between the roll frame angle ¢r

and the expected decoupling frame angle —atan (wby / sz) , the smaller the impact of the

aircraft attitude disturbance. The closed-loop control of the roll seeker is to form control
instructions through the error angle of the detector, drive the frame motion, reduce the
error angle, make the optical axis point to the target, and realize the tracking of the target.
When the frame angle instruction is a low-frequency signal, the spring torque DRR has
great influence on the frame angle, frame angle rate, optical axis LOS rate and detector
error angle. On the contrary, the damping torque DRR has a great influence on the stable
tracking effect of the roll-pitch seeker, and there is a certain lag in the tracking process,
which reduces the tracking accuracy of the seeker to the target.

Therefore, reducing the torque coefficient of the seeker itself or carrying out targeted
feedforward compensation according to the control command frequency, reducing the
stable tracking error of the seeker by the DRR, and improving the guidance accuracy of the
aircraft are recommended. The theoretical research undertaken in this study will provide
theoretical guidance for the development of aircraft.
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