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Abstract.
to effectively intercept maneuvering targets. The Proportional Navigation (PN) is one of the most widely

Modern tactical missile guidance laws require an accurate target tracking and state estimation

used guidance laws for tactical missiles, relying on line-of-sight (LOS) rate measurements to generate lateral
acceleration commands. Missiles typically employ electro-optical or infrared seekers. Our study utilizes a
two-axis gimbaled camera seeker which employs a laser range finder, equipped with the YOLO algorithm for a
real-time target detection tracking and recognition. The seeker provides the image acquisition, target detection,
tracking, and LOS rate measurement relative to the inertial frame. Additionally, an Extended Kalman Filter
(EKF) is used to filter the LOS rate measurements and to estimate the target three-dimensional motion, as
well as lateral accelerations. The estimates are then used to implement the Augmented Proportional Navigation
(APN) which reduces the required missile lateral acceleration compared to the standard PN guidance. The
study findings are validated using a six-degrees-of-freedom (6-DOF) nonlinear missile model, demonstrating its
effectiveness when integrating the deep-learning-based target tracking with the modern guidance laws.
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Ocenjevanje cilja z razSirjenim Kalmanovim filtrom za
vodenje rakete APN z uporabo iskalnika YOLO

Sodobni zakoni vodenja takticnih raket zahtevajo natan¢no
sledenje cilju in ocenjevanje njegovega stanja za ucinkovito
prestrezanje manevrirajoCih ciljev. Proporcionalna navigacija
je eden najpogosteje uporabljenih zakonov vodenja, ki temelji
na meritvah hitrosti spremembe smerne Crte za generiranje
bocnih pospeskov. Rakete obicajno uporabljajo elektroopti¢ne
ali infrardeCe iskalnike. V nasi raziskavi uporabljamo dvoosni
kardaniziran kamerni iskalnik z laserskim merilnikom raz-
dalje, opremljen z algoritmom YOLO za zaznavanje, sledenje
in prepoznavanje ciljev v realnem casu. Iskalnik omogoca
zajem slike, zaznavanje cilja, sledenje ter merjenje hitrosti
spremembe smerne Crte glede na inercialni koordinatni sis-
tem. Poleg tega uporabljamo razSirjeni Kalmanov filter za
filtriranje meritev in oceno tridimenzionalnega gibanja cilja
ter bo¢nih pospeskov. Te ocene nato uporabimo pri raz§irjeni
proporcionalni navigaciji, ki v primerjavi s standardno zmanjsa
potrebne bocne pospeske rakete. Rezultati raziskave so potrjeni
z nelinearnim modelom rakete s Sestimi stopnjami prostosti
in kazejo ucinkovitost povezovanja sledenja cilju na osnovi
globokega ucenja s sodobnimi zakoni vodenja.

1 INTRODUCTION

Proportional navigation(PN) is the most widely used
guidance law for tactical missiles relying on the line-
of-sight (LOS) rate measurements to generate lateral
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acceleration commands. The main PN idea of propor-
tional navigation is to generate commanded accelera-
tions normal to the instantaneous LOS to the target
[1]-[4]. The PN guidance requires measurements of
the LOS rate and the closing velocity. The generated
acceleration commands are provided to the autopilot as
setpoint values.

The missile autopilots range from classical linear
designs to advanced nonlinear controllers [5]-[8]. Our
study considers a linear autopilot that stabilizes the roll
channel to allow an independent control of the pitch
and yaw, where lateral accelerations are realized through
cascade PID controllers with inner damping loops.

The LOS rate measurements are provided by the
seeker subsystem which incorporates a two-axis gim-
baled camera capable of an independent pitch and yaw
motion. The target detection and tracking are performed
using the YOLO algorithm [9] with the image-plane
coordinates converted into tracking errors to drive the
seeker stabilization. An accurate LOS rate estimation is
then achieved by combining the seeker gimbal angular
rates, tracking errors, and missile body rates. In [10],
the author implements a similar seeker system for a PN-
guided missile without state estimation.

Since the image-based measurements obtained from
the YOLO detector are inherently noisy, the LOS rates
must be filtered prior to the guidance law implemen-
tation. An Extended Kalman Filter (EKF) is employed
both to filter the LOS measurements and to estimate
the target kinematics, including the lateral accelerations.



These estimates enable an Augmented Proportional Nav-
igation (APN) which reduces the missile maneuvering
requirements compared to the standard PN guidance
law. Previous studies [11]-[15] apply EKF for APN, but
are limited to two-dimensional scenarios. A [16] reports
three-dimensional implementation with no estimation of
the target accelerations normal to the velocity vector and
no seeker implementation. Recent [17] implements EKF
for the LOS rate estimation from a relative displacement
between the seeker gimbals and strapdown inertial mea-
surement unit without using any image acquisition and
machine learning for target tracking.

Our study contributes to the development of a three-
dimensional EKF-based target tracking framework in-
tegrated with the PN and APN guidance laws on a 6-
DOF nonlinear missile model. Our system incorporates
a two-axis gimbaled seeker camera with a YOLO-
based target tracking, providing a unified approach that
advances both the guidance law performance and the
seeker implementation.

Section II of our study introduces a 6-DOF model to
simulate the guidance law, the estimator and the seeker.
Section III describes the actuator model. Section IV
explains the autopilot subsystem. Section V covers PN
and APN and compares them. Section VI explains the
YOLO deep learning neural network used to localize
the target. Section VII covers the camera module and
explains how the tracking errors are obtained from
the image. Section VIII covers the seeker system and
shows how the LOS rate can be reconstructed. Section
IX covers EKF, explaining the model used for the
filter implementation. Section X covers the synthesis
and implementation of the guidance system. Finally,
Section XI presents two simulation scenarios, showing
the usefulness of the presented system and explaining
the benefits of the APN guidance.

2 MISSILE 6DOF MODEL

In order to accurately simulate the missile guidance, a
feasible dynamic missile 6DOF model is used. The mis-
sile motion can be described by six nonlinear coupled
first-order differential equations [18]-[24]:

P=L/I, (1)
Q=PR(I. - I,,) /I, + M/I, )
R=PQ(I,—1,)/I. + N/I, 3)
uw=vR—wQ + F,/m )
0 =wp—uR+ F,/m 5)
w=uQ —vP+F,/m 6)

where u, v, and w are the missile velocities along the
x, y, and z axes of the missile body frame. P, () and
R are the rotational angular velocities about the z, y
and z axes of the missile body frame. L, M and N
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are are the moments acting along the x, y and z axes
of the missile body frame. I, F, and F, are the total
forces acting along the missile body axes. Forces acting
along the missile body are the thrust, gravitational and
aerodynamic forces and they have to be transformed into
the body frame. The gravitational force is naturally given
in the inertial frame as G = [0 0 mg}T and can be
transformed as Tg G, where T B@ is given as [25]:

chey s —sb
TE = |spsOct) — cosyp  spslsy) + coperp  speh
cosbcp + spsp  cpsls — spcp  copch

(7

Now, the total forces acting along the missile body are
calculated as:

E, T —sinf Fag
Fy| = (0| +mg |sin¢cost | + | Fay ®)
F, 0 cos ¢ cos 0 Fy,

where T is the thrust force, g is the gravitational
acceleration and m is the mass of the missile, assumed
to be constant. Angles 0, ¢ and v are the Euler RPY
angles which describe orientation in reference to the
fixed inertial reference frame. Forces Fa,, F'a, and Fa,
are the aerodynamic forces acting along the missile body
axis. They are highly nonlinear functions depending on
all the state variables and mostly upon the Mach number,
angle of the attack « and sideslip angle 3. The angle
of the attack and the sideslip angle are calculated as
follows:

w
«a = arctan — ©)]
v

(10)

.U
[ = arcsin —
Um

For a cruciform missile, these aerodynamic forces are
calculated as follows [25]:

Fa, Cuy + Coy (a® + 57)
Fay| =—qS CnB (11)
FAz CNO(

where S is the reference wing area, d is the reference
chord line, and ¢ = 0.5pv2, is the dynamic pressure,
Um = Vu? + v2 + w? is the total missile velocity and p
is the air density. Coefficients Cy,, Cy, and Cy are the
aerodynamic coefficients measured at different angles
of the attack, sideslip angles and Mach number. These
numbers can be determined in a wind tunnel or using
a specialized software, such as Missile DATCOM. For
subsonic flights, these coefficients do not vary consid-
erably. For a complete model, moments acting on the
missile airframe need to be calculated. The aerodynamic
forces act at the point termed the center of the pressure,
while the missile rotates around its center of the gravity.
These two points are displaced by distance r,.. The wing
deflections and missile rotation also cause moments
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which need to be calculated. The total moments are
calculated as follows [25]:

L O qu CLPP CL(SE(sE
M| = |—-rxFaz +T CmoQ | +¢Sd | Cuys, Ov
N rxFay ™ | CnrR Cnspop

where Crp, Cpg and Cypg are the aerodynamic sta-
bility coefficients, Crs,, Cums, and Cys, are the
aerodynamic control coefficients and dg, dy and dp
are the aileron, flaps and rudder deflections, respectively.
To define the whole model, the transformation from the
angular velocities to the derivatives of the Euler RPY
angles is defined as follows:

gz:b 1 singtanf cos¢tanf| |P
ol = |0 cos 10} —sing Q (13)
VI ) R

Finally, to simulate the missile position relative to the
inertial frame, the velocities given in the inertial frame
are transformed into the inertial frame as follows:

T |
Un | =TF  |v (14)
Zm w

Table 1 shows the used missile parameters [26] for the
simulation inside Matlab and Simulink.

I, 1,1 m Ch,
0.024kgm®  0.958 kgm? 11.25kg 0.484
Cz, Cnsp Cusy CLsg
2.04 0.0905 0.0905 0.0905
Cn Cmg, Cnr d Crp
3.298 —10 0.2286 m 0.0905
T Ty p S
750N —0.119m  1.225kg/m®>  0.0314 m?

Table 1. Missile parameters.

3 ACTUATOR MODEL

The presented missile dynamic model has three system
inputs, i.e. dg, oy and §p. The tactical missiles usually
have four control surfaces given in the x or + config-
uration as shown in Figure 1. The combined motion of
the four control surfaces gives either the elevator, rudder
or aileron control deflections. In the + configuration,
surfaces 1 and 3 rotating in the same direction give the
rudder deflections. Similarly, surfaces 2 and 4 rotating
in the same direction give the elevator deflections. If
surfaces 2 and 4 have an independent servo mechanism,
their rotation gives the aileron deflections. In the X
configuration, the autopilot pitch and yaw axes are each
45° from the planes of the adjacent control surfaces [25].
This implies that each of the four control surfaces is
deflected equally for the pitch and the yaw maneouvers.

+ Configuration

Figure 1. Missile wing configurations.

This means that the x configuration requires less surface
deflections compared to the + configuration. The autopi-
lot calculates the elevator, rudder and aileron deflections.
The computed deflections are transformed into four wing
deflections using the transformation matrix given by the
following expression:

0Cy —1 cos¢pp —singp 5P

0Co| | =1 singp cos ¢p 5PIC (1s)
0Cs| 1 cos¢gp —singp 5PZC

0Cy 1 sin¢p cos ¢p 3¢

where values 0Pic, 0Py and P3¢ are the elevator,
rudder and aileron commanding deflections calculated
by the autopilot. Values 6C4, 6C5, dC5 and 6Cy are the
fin deflections required by each wing. The commanded
fin deflections are usually limited. Angle ¢ p is the angle
by which the autopilot frame is rotated compared with
the wings. For angle ¢p = 0, the missile is in the
+ configuration while angle ¢p = 45° yields the x
configuration. The fins servomechanism ensures the fins
to rotate for a commanded amount which yields real
fin deflections 41, 2, d3 and &4. Fins are controlled by
pneumatic, hydraulic, and electric actuators depending
on the maximum required fin moment. The fin transfer
function is modeled as a second order transfer function:

w2

- (16)

G in =
Fin(5) §2 4+ 28w, s + w2

The fin servomechanism is implemented using a sim-
ple PID controller. The real fin deflections are then
transformed back into the elevator, rudder and aileron
deflections using the following transformation:

op —1/4 —-1/4 1/4 1/4 gl
Sy | = 1/2 0 1/2 0 52 17)
op 0 1/2 0 1/2 53

4

Using the transformations, the dynamic model is now
more accurate since it takes into account also the satu-
ration, dynamics and configuration of the actuators. The



maximum value of the control deflection is 30° and the
tactical missiles are in the x configuration.

4 LATERAL ACCELERATION AUTOPILOT

The missile subsystem ensuring that the achieved missile
accelerations are equal to the command accelerations by
the guidance law is referred to as the autopilot. When
roll angle ¢ is zero, there will be no cross-coupling
between the pitch and yaw channels of the motion.
This is achieved using a cascading PI controller with a
measured roll angle in the feedback loop. The controller
design is shown in Figure 2. The inner feedback loop
is a damping loop which ensures minimal oscillations
in the roll angle response. The outer loop ensures that
the roll angle is always equal to zero. When the missile
is stabilized in the roll channel, the pitch and the yaw
movements are controlled independently. The main goal
of the autopilot is to ensure that the missile lateral accel-
eration is equal to the commanded lateral acceleration
for the vertical and horizontal guidance plane. Therefore,
there is one controller for the vertical plane and one
for the horizontal guidance plane. The two controllers
have the structure given in Figure 2. The missile lateral

¢
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Missile b

Figure 2. Roll controller design.

accelerations are given in the wind frame whose z axis
is colinear with the wind direction. The derivative of the
rotating velocity vector is given in the body frame. The
velocity derivative is transformed into the wind body
frame via the following transformation matrix:

cosacosf3 sinf
—cosasinf8 cospf
—sina 0

sin a cos 3
—sinasin g8
cos «

(18)

The missile lateral accelerations are given by:
Ay U P u
ay| =TH | [o| + Q] x |v
a, w R w

19)

where a, and a, are the missile horizontal and lateral
accelerations normal to the velocity vector in the wind
frame and a, is the acceleration along the velocity
vector. Component a,, is usually equal to zero since the
missile velocity does not change considerably during the
terminal phase of the flight. Figure 3 shows the design
of the lateral acceleration controller for the vertical
guidance plane. The aerodynamic coefficients change
with respect to the Mach number, angle of the attack,
sideslip angle and other state variables. Therefore, it
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Missile a.

Figure 3. Lateral acceleration controller design.

is advisable to create multiple controllers for various
operating points. The design approach is called the gain
scheduling [27], [28]. Similarly at the subsonic flights,
these aerodynamic coefficients do not vary much, so it
is enough to design only one controller.

5 PN AND APN NAVIGATION

PN is perhaps the most used guidance law [29]. The
task is to generate commanding accelerations that are
proportional to the angular LOS rate. The commanding
accelerations are calculated as follows:

= N\v, (20)

Qcpy

where a. is the commanded lateral acceleration nor-
mal to the the line of sight, N > 2 is the effective
navigational ratio and v. is the closing velocity. The
LOS angular rate is measured by the missile seeker
as explained in Section VI. Ideally, the commanded
lateral acceleration should be normal to LOS. However,
most autopilots can control their accelerations normal
to the missiles velocity vector. The PN variant whose
commanding accelerations are normal to the velocity
vector is known as a pure PN (PPN) [29]. If the target

A Apparent LOS

to the target .

Sensor

Aerpn :
! boresight

Missile body
T axis

Figure 4. PN geometry.

is not maneuvering, the PN guidance law guarantees
an interception of the target, provided that the lateral
acceleration capability of the missile is not exceeded.
As seen in Figure 4, LOS is calculated as:

A = arctan ¥ = arctan y__9¥
T r Vetgo

@

where r = wv.ty, is the range to the target, r, is the
horizontal range to the target, t,, = t; — ¢ is the time



48

to go, ty is the time of the interception and y is the
vertical distance of the missile to the target. The LOS
rate is given by:

= YTVl
Velgo

(22)

Therefore, the PN commanding acceleration can also be
expressed as:

(Y + 9tgo)

2, Ve (23)

Gepy =N
The expression in the parentheses of the preceding
equation is termed the zero effort miss and it represents
the future separation between the missile and the target
if the missile makes no further lateral acceleration,
assuming the target and missile continue with their
current velocities. If the target is maneuvering, the zero
effort miss is given by:

. 1
ZEM =y + tgo + 5athm (24)
Therefore, a new guidance law can be defined as:
. 1
Geppn :NAUC+§NaT (25)

and is referred to as the APN. Let us now consider the
missile maneuvering characteristics when using the PN
and APN guidance laws. In case of a maneuvering target,
a 2D linearized engagement model is given by:

i =ar — ac (26)

After using 23 in 26 and assuming y(0) = ¢(0) = 0, the
commanding lateral acceleration for the PN guidance is:

NaT t N=2
a(:PN*N_z (1(115]0) ) (27)

In case of the APN guidance law, the commanding
lateral acceleration is obtained by using 25 in 26:

N-2
1 t
Qepapn — §NCLT (1 — tf>

Figure 5 shows the commanding accelerations for the PN
and APN guidance laws. As seen, the PN guidance law
requires higher acceleration demands as the flight time
increases. Also, it requires three times the acceleration of
the target at the end of the flight for N = 3. On the other
hand, the APN guidance law requires the maximum
acceleration at the beginning of the flight which then
decreases towards the end of the flight. This means
that the APN guidance law is more anticipatory due to
the fact that it requires the maximum acceleration at
the beginning of the flight. Figure 5 also shows that
for effective navigation ratio N = 4, the maximum
required acceleration is the same and that the required
acceleration is less for the APN guidance law by some
70% of the flight time. This can also be quantified by

(28)
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Figure 5. PN and APN commanding accelerations.

defining the performance index as the integral of the
absolute value of the commanding acceleration over
the flight time. The above confirms the fact that the
APN guidance utilizes the information of the target
acceleration. For the guidance in the three dimensions,
the PN commanding accelerations are calculated as:

= NApve (29)
(30

Acpy,
Qepy, = NAyve
where /'\h and XU are the LOS rates in the horizontal
and vertical plane respectively. Similarly, the APN com-

manding accelerations in three dimensions are calculated
as:

€19}

(32)

Qeapn,

: 1

= NApve + §NaTh
: 1

Ucypy, = NAyve + §NaTv

where a7, and ar, are the target accelerations in the
horizontal and vertical plane respectively.

6 YOLO

To track the target and calculate tracking errors €, and
€y, the object needs to be localized in the image. The
algorithm must then classify and localize the object in
the obtained image. There are a handful of requirements
that the localization algorithm has to satisfy in missile
guidance applications. First, during simulations, images
are obtained from an Unreal Engine environment, so the
algorithm must be able to work with artificial images.
Second, the algorithm has to be sufficiently fast since
the camera can generate images at a high frequency.
The most suitable localization algorithm in this case is
the You Only Look Once (YOLO) convolutional neural
network. YOLO was first introduced in 2016 when the
object detection was reframed as a single regression
problem straight from the image pixels to the bounding
box and class probabilities [9]. This ensured that YOLO



needed only one passage through the network to obtain
localization results, making it much faster than the
existing algorithms which were based on region propos-
als. Over time, a number of object detectors based on
YOLO have been developed. Most notably, YOLO9000
[30], YOLOv3 [31] and YOLOv4 [32] and YOLOVS
[33]. In our work we use the latest available YOLO
implementation in Matlab pretrained on the Common
Objects in Context (COCO) dataset [34] consisting of
80 classes and over 330000 images.

7 CAMERA MODEL

In the pinhole camera model shown in Figure 6, let X

P=(X,Y,2)

duuuuLLuLLY

optical axis

Figure 6. Pinhole camera model.

and Y denote the object size let v and v the size of
the target image in the image plane in pixels. f, and
fy denote the horizontal and the vertical focal length
measured in pixels which is also the distance of the
image plane from the CCD sensor. Figure 6 shows that
the tracking error angle in the vertical plane is evaluated
as follows:

v
€, = arctan —

Jy

For the horizontal tracking error angle, the equation is
analogous:

(33)

€, = arctan al (34

T
It is simple now to calculate the tracking errors. The
YOLO detector obtains the bounding box around the
detected target with the coordinates of the upper left
corner (denoted with x; and y;) and its width and height
(denoted with w and h). Now the expressions for the
vertical and horizontal tracking errors are:

9 _

€, = arctan W (35)
9 _

€, = arctan W (36)
Yy
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where (cg,c¢,) is the principal point, (¢;,c,) = (0,0),
since the pixel coordinates are centered at the image
center.

8 GIMBALED SEEKER AND LOS RATE
RECONSTRUCTION

The seeker is an angular tracking device which can
track LOS in the inertial space [18]. For the skid-to-turn
missile, seekers can be classified as strapdown, semi-
strapdown, stabilized platform-based and dynamic gyro
stabilized seekers. In our paper, we consider dynamic
gyro stabilized seekers which have two angular degrees
of the freedom relative to the missile body. The camera
is a detector mounted on the gimbaled system controlled
by two DC motors rotating in the horizontal and vertical
plane independently from the missile. Figure 7 shows the
gimbal system for the missile seeker. Each gimbal DC

Gimbal angle transducer

Inner gimbal

Gimbal angle transducer
Outer gimbal

Camera

motor

Figure 7. Gimbal system for the missile seeker.

motor is defined by its angular yaw position vy, or pitch
position ¢, and angular yawing velocity Wy, or pitching
velocity 6. Each gimbal DC motor can be expressed
by the open loop transfer function:

Up(s) w2
U(s) 5 (s + 2m) G7
On(s) w2
U(s) ~ 505 + 2wn) o9

To minimize the radome refraction error [35], [36],
the target should be kept in the center of the image.
Therefore, the tracking errors are used as the error
inputs to the controller driving the missile seeker. A
standard PID controller [37]-[39] is used to control the
seeker motors and to ensure that the tracking errors are
minimized. As seen from the Figure 4, the LOS rate in
the horizontal plane is measured as in [36], [40]:
s
TFS + 1 ch

Ay = o +on + (39)
Similarly, the LOS rate in the vertical plane is given by

SV S

s
v 40
TfS+16 (40)

Zm
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where 1Lm and ém are the missile yaw and thepitch
rates, respectively, ¢, and €, are the horizontal and
vertical tracking errors, and 7y = 0.05 s is the filter time
constant.

9 EKF

The state of the target is not known a priori and must
be estimated from the sensor measurements. EKF is
perhaps the most widely used nonlinear estimator [41],
[42]. However, it relies on local linearization of the
nonlinear system dynamics and measurement model,
which introduces approximation errors. As a result,
its performance is generally suboptimal, especially in
highly nonlinear scenarios. Nevertheless, it is employed
here to recursively estimate the target state by fusing
the measurements with the predicted state from the
target model. Furthermore, the LOS rate and range
measurements contain a noise which has to be filtered.
EKF must provide accurate estimates of the LOS rates
and the target acceleration in order to implement the PN
and APN guidance laws. An effective guidance requires
an estimator with a sufficient responsiveness, but an
increased speed inevitably increases its sensitivity to the
noise. These competing demands lead to an unavoid-
able trade-off. In order to implement EKF, a kinematic
model is required. The guidance system disturbances are
modeled as constant target lateral accelerations in the
horizontal and vertical inertial planes denoted by a:,
and a.,, respectively. Both acceleration components are
defined in the plane orthogonal to the target’s velocity
vector. The total target velocity is assumed to be constant
and equal to v,. Let z,, y, and 2, denote the distance
of the target to the missile in the inertial frame along
the x, y and z axes, respectively. Let ©; and U; be
the target velocity vectors azimuth and elevation angles,
respectively. Equations governing the target orientations
are given by:

a

t= vtcég@t “h

O, = — b 42)
(%7

at, = 43)

i, — (44)

with given initial orientations ¥, and ©;,. The relative
distance of the target from the missle in the inertial
frame can now be defined by the following differential
equations:

T, = v; cos Oy cos Uy — v,, cos O, cos ¥, 45)
Ur = vy cOs Oy sin Uy — v, cos O, sin ¥, (46)
%, = —; Sin O + v,, Sin O, 47)

for given initial conditions x,, yr, and z,,. The missile
kinematic model is given by:

. a

P,y = —mn 48

U, €OS O, %)

O, = — e (49)
U,

with some initial conditions V¥,,,, ©,,. The inputs to
the filter are missile velocity v,, and missile lateral ac-
celerations a,,, and a,,,, which are accurately measured
by the inertial measurement unit (IMU). Therefore, the
EKEF state vector is given by:

xo—|% Y & Unm Om]”

= 50
\Ift @t (%7 Qag,, ag, ( )

The measurements are the range, missile velocity, and
its lateral accelerations and the LOS rates obtained from
the seeker. The range can be calculated as:

1Bl = Va2 +y2 + 22

In the three dimensions, the LOS rate can be expressed
as:

619}

. xR
ng (52)
R

L?j:

where ¥, = [@r o ,é,,]T and R = [ yr zT]T
Equations (45)-(47) and (51) can be substituted
into (52), from which the LOS rates in the horizontal
and vertical planes can be obtained as the second and
third components of the LOS rate vector, respectively,
as follows:

Ap = = [yr (vt cos O cos Uy — vy, €OS Oy, cos ¥,y )
— 2 (vg €08 O sin Uy — vy, €08 Oy, sin ¥y )] (53)
Ay = = [ (U, 8N Oy, — vy 8iN O4)
—2zp (v €08 O cos Uy — vy, €08 Oy, cos U,y )] 54)
Now, the measurement vector can be defined as:
WX)=[r dn A" (55)

It is worth noting that the guidance system requires
filtered LOS rates, so they have to be calculated from
the measurement function using Equation 51. EKF is
initialized using physically meaningful covariance val-
ues. Initial error covariance matrix Py, process noise
covariance matrix (), and measurement noise covariance
matrix R are selected according to realistic uncertainty
bounds of the corresponding state variables and sensor
measurements. The chosen values reflect the expected
target maneuverability and sensor accuracy, and are
tuned to ensure a stable and consistent filter conver-
gence. The EKF algorithm and its implementation are
well documented in [43], [44].



10 GUIDANCE SYSTEM DESIGN

The overall guidance system design is shown in Figure
8. The laser range finder provides the range measure-
ment. The camera provides the YOLO detector with the
target images acquired at a 60 H z frequency. The seeker
calculates the tracking errors, stabilizes the platform
and provides the LOS rate measurements for EKF. The
inertial measurement unit (IMU) provides the missile
body angular and linear velocities from which the Euler
angles and their rates are obtained by sensor fusion.
IMU also provides the missile lateral accelerations. The
seeker gimbal angles are measured by appropriate angle
transducers mounted on the gimbal axes. EKF estimates
the target state including the target and the missile total
velocity from which the closing velocity is calculated.
The filter also estimates the target lateral accelerations
and the LOS rates. The estimated target state is then
used to calculate the PN or APN commanding accel-
erations. The autopilot now ensures that the missile
lateral accelerations are equal to the commanded lateral
accelerations.

Seeker

Image

YOLO €h, €0 Gimbaled camera

Laser Im fL Ah: A Guidance law e ‘Autopilol‘ Sv. &r. 35 ‘Missile
an,. ar, [ o] | \
Ams Um Ay (:‘.5. 0, L, o)
IMU
]

Figure 8. Missile guidance system design.

11 SIMULATIONS

Scenario 1: Consider a target at an initial distance of
500 m. The target is moving with a constant velocity of
80m/s and is accelerating with a constant lateral accel-
eration of 7m/s? in the vertical plane and —2m/s>
in the horizontal plane. Initial target and the missile
orientations are 0 rad. The filter assumes that the target
initial orientations are \ilt = ét = 0.17ad and that the
initial distance is 550 m. Figure 9 shows the missile
and target trajectories. Figure 10 shows the tracking
errors in the horizontal and vertical planes. It can be
seen that the tracking errors converge to zero and the
seeker is able to keep the target in the center of the
image. Figure 11 shows the YOLO detection of the
target in the camera image obtained from an Unreal
Engine and Matlab cosimulation. It can be seen that
YOLO is able to accurately detect and classify the target
as an airplane. Figure 12 shows the estimated target
lateral accelerations. It can be seen that the EKF is able
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Figure 9. Missile and target trajectories.
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Figure 10. Tracking errors.

to accurately estimate the target accelerations. Figure
13 shows the estimated LOS rates in the horizontal and
vertical planes. It can be seen the EKF accurately filters
the measured LOS rates. Figure 14 shows the measured,
estimated and real distance to the target. It is shown
that EKF estimates the distance to the target despite the
initial estimation error. The graph shows the estimated
distance using Equation 51 since EKF does not directly

aaaaaaaaa

Figure 11. Classification and localization of an airplane.
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Figure 12. Estimated target horizontal and vertical lateral
acceleration.

estimate the distance. Figure 15 depicts the evolution of
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Figure 13. Estimated LOS rates.

the diagonal elements of EKF error covariance matrix P.
The elements represent the estimation error variances
associated with each state variable. It can be observed
that all variances decrease and converge to small steady-
state values, indicating that the filter uncertainty is
reduced over time. This behavior confirms that EKF
successfully incorporates the available measurements
and provides consistent state estimates of the target.
Figure 16 shows the commanded and achieved missile
lateral accelerations for the PN and APN guidance laws
when the effective navigation ratio is N = 3. It can
be seen that the APN guidance law requires a smaller
maximum and overall acceleration compared to the PN
guidance law in the practical implementation with EKF.
Figure 17 shows the integral of the absolute value of the
missile lateral acceleration for both the PN and the APN
guidance laws. This quantity, commonly referred to as
the lateral divert, represents the total lateral control effort
required during the engagement. It can be seen that, for
most of the flight time, the APN guidance law requires
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Figure 14. Measured, estimated and real distance.
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Figure 15. Estimated diagonal covariance.
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Figure 16. Commanded and achieved missile lateral accelera-
tions for PN and APN guidance laws.

less lateral divert than PN, indicating that APN achieves
the same intercept with a reduced lateral acceleration
demand and therefore a higher guidance efficiency.
Scenario 2: In scenario 2, the target undergoes a con-
stant lateral acceleration of 16 m/s? in the vertical plane
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Figure 17. Integral of absolute value of the missile lateral
acceleration for the PN and APN guidance laws.

and —3 m/s” in the horizontal plane. All other simulation
parameters are identical to those used in Scenario 1.
Since the wing deflections are limited to 30°, the missile
achievable lateral acceleration also reaches its saturation
limit. It is important to note that the saturation limit de-
pends on the full missile state vector and is therefore not
constant across all flight conditions. For both guidance
laws, EKF continues to accurately estimate the target
lateral accelerations, as illustrated in Figure 18. In the
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Figure 18. Estimated target accelerations for the scenario
where the commanding acceleration exceeds the missile ac-
celeration capability.

case of the APN guidance law, the missile is still able to
intercept the target since the missile lateral acceleration
capability is not exceeded as seen in Figure 19. It should
be noted that the maximum acceleration should ideally
be acypn,, . arN/2 = 27m/s?. However, due
to the EKF estimation overshoot, the resulting maxi-
mum commanding acceleration is 37.4m/s?. Despite
the large maximum commanded acceleration, the missile
is still able to intercept the target since the maximum
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commanded acceleration happens at the initial stage of
the flight when the range to the target is large and the
APN commanding acceleration decreases as the flight
time increases. In contrast to the APN guidance law, for
the PN guidance law, the missile is not able to intercept
the target since its lateral acceleration capability is
exceeded which leads to the final miss distance of 4.8 m.
Furthermore, the PN commanding acceleration increases
as the flight time increases as seen in Figure 20. This
means that the missile lateral acceleration saturate at the
end of the flight, thus making the miss more likely.

Acceleration [m/s?|

-20

Time [s]

Figure 19. Commanded and achieved missile lateral accel-
erations for the APN guidance laws for scenario where the
commanding acceleration exceeds the missile acceleration
capability.
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Figure 20. Commanded and achieved missile lateral accel-
erations for the PN guidance laws for the scenario where
the commanding acceleration exceeds the missile acceleration
capability.

12 CONCLUSION

The paper presents a design of a missile guidance system
using the PN and APN guidance laws with an EKF to
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estimate the target state vector. The gimbaled seeker
with the YOLO object detector is used to track the
target and to provide the LOS rate measurements to EKF
together with a laser range finder. The simulation results
show that the guidance system accurately estimates the
target state and guides the missile towards the target.
Furthermore, it is shown that the APN guidance law
requires less maximum and overall missile lateral ac-
celeration compared to the PN guidance law. The APN
guidance law is therefore more likely to successfully
intercept a highly maneuvering target compared to the
PN guidance law since the commanding acceleration
decreases as the flight time increases compared to the
PN guidance law where the commanding acceleration
increases as the flight time increases.
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