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Abstract

The Standard Missile-2 Block IIIA is the current medium-range Surface-to-Air missile in
service with the Royal Netherlands Navy. Since November 2023, Houthi terrorists have
been striking commercial shipping in the Red Sea and the Gulf of Aden, severely impact-
ing between Europe and Asia. Using publicly available information, this thesis investigates
the kinematic performance of the SM-2 Block IIIA and its area-defence capabilities against
Houthi drones and Anti-Ship Cruise Missiles. A modified point mass simulation model was
developed to simulate the SM-2 intercepting flying targets. The SM-2’s kinematic perfor-
mance was analysed by developing flyout tables. Engagement envelopes were developed
to analyse the SM-2’s area-defence capabilities against crossing targets. The SM-2 is found
to have a maximum sea-level adjusted burnout Mach number of 3.8, a maximum ground
range of 173 km, and a service ceiling of 20-25 km. The SM-2 is found to be capable of
providing extensive area-defence coverage against each modelled weapon system.
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Intermediate value vector (no definition)

Intermediate value vector (no definition)

Zero-lift drag force

Drag force due to friction

Inner diameter of propellant section

Distance between centers of gravity of empty and non-empty missile
Distance between centers of gravity of missile and propellant section
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Aerodynamic force along x-axis in MBCF

Aerodynamic force along y-axis in MBCF

Aerodynamic force along z-axis in MBCF
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Aerodynamic force vector in MBCF
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Propulsive force vector in MBCF
Gravitational acceleration at sea level
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Specific impulse of booster
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Inertia about interceptor x-axis originating from center of gravity
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Roman letter | Description
rr Range vector from LCIC origin to target
R, Radius of Earth
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Rpcp Range vector from LCIC origin to PCP
Re} Reynolds number due to chord length based on reference temperature
Spian Planform surface area
SRef Reference surface area
St Tail wing surface area
Sw Wing surface area
tournout Time at burnout
Too Atmospheric temperature
To Temperature at sea level
Taw Adiabatic wall temperature
Tgo Time-to-go
Ty Turning rate constant
T* Reference temperature
Ve Closing velocity
VmF Predicted missile velocity at PCP
Vb Missile velocity in MBCF
\ad Time derivative of V,,
\et Missile velocity in LCIC frame
yiele Time derivative of Vicjc
Vi Missile velocity vector
Ve Predicted missile velocity vector at PCP
Vr Target velocity
Xce Distance from missile nose tip to center of gravity
XCGpoostena | Distance from missile nose tip to center of gravity of empty missile
XCGpoost.siare | Distance from missile nose tip to center of gravity at end of boost phase
XCGompty Distance from missile nose tip to center of gravity at start of boost phase
XCGpropenans | Distance from missile nose tip to center of gravity of propellant
XcpB Distance from missile nose tip to body center of pressure
Xcpn Distance from missile nose tip to nose center of pressure
Xcrw Distance from missile nose tip to wing center or pressure
XHr Distance from missile nose tip to tail wing hinge line
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Greek letter | Description
Xirim Angle of attack at trim
Yv Vertical flight path angle
Yv Average vertical flight path angle over flight envelope during midcourse guidance
Yva Desired (specified) vertical flight path angle at PCP
O, Control surface deflection to generate roll moment
Otrim Control surface deflection at trim
(o Intermediate value (no definition)
CacT Actuator damping
(ar Airframe damping
Am Missile flight path angle
Ar Target flight path angle
o Dynamic viscosity at sea level
u* Reference dynamic viscosity
Pp Propellant density
[ Reference density
(/X Velocity vector heading angle
Y Average heading angle over flight envelope during midcourse guidance
Yhd Desired (specified) heading angle at PCP
WACT Actuator natural frequency
WAF Airframe natural frequency
WCR Crossover frequency
W Autopilot gain
W, Airframe zero
w? Angular rate vector in MBCF
b Time derivative of w”
w1 Angular rate vector in LCIC frame
w1 Time derivative of w™¢’C
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1. Introduction

The Standard Missile-2 (SM-2) Block IIIA is the current medium range Surface-to-Air Mis-
sile (SAM) of the Royal Netherlands Navy. The missile has a reported top speed of Mach 3, a
maximum effective range of 167 km and a service ceiling of 20 km [1]. The SM-2 is designed
against both sea-skimming and high-altitude targets, as well as "high-speed manoeuvring
targets in a severe electronic countermeasure (ECM) environment" [1]. The Dutch ministry
of Defence has expressed its desire to develop an in-house digital interceptor model of the
SM-2. This model should aid in developing in-house knowledge on missile modelling to
aid in the acquisition processes of future ship- and fleet-defence interceptors. In order for
the development and results of the model to be available as a publicly publishable MSc.
thesis and allow for using the model in an unclassified environment, the model has to be
entirely based on open-source information.

Since October 2023, the Islamist terrorist group Ansar Allah, also known as the Houthis,
have been firing drones, Anti-Ship Cruise Missiles (ASCM’s) and Anti-Ship Ballistic Missiles
(ASBMs) at civilian cargo ships in the Red Sea and the Gulf of Aden [2], [3], [4], [5]. Fig-
ure 1 shows a map, published by the BBC, displaying where commercial ships have been
attacked by Houthi drones and missiles [5].

Shipping damaged in attacks off coast of Yemen

SAUDI ARABIA
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Gulf of Aden
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Source: Ambrey Intelligence, 13 March, and Acled, Dec 2023 an

Figure 1: Locations of commercial ships struck by Houthi drone- and missile attacks. Source: BBC [5].

On February 19, 2020, U.S. Central Command (USCENTCOM) reported the interdiction
of multiple Dhow boats smuggling weapons and cruise missile components by the USS



Forrest Sherman on November 19, 2019 and by the USS Normandy on February 9, 2020 [6].
Figure 2 presents some of the weapons and missile components that were seized, including
anti-tank guided missiles, surface-to-air missiles, and components for the Quds-1/"351"
Land-Attack Cruise Missile (LACM) and Noor/C-802 Anti-Ship Cruise Missile (ASCM). The
"Quds-1" LACM, known as the "351" by USCENTCOM, is a Houthi variant of the Iranian
"Soumar" family of Land-Attack Cruise Missiles, with a claimed range of 800km [7]. The
"Noor" ASCM is an Iranian export variant of the C-802 [3], itself a member of the Chinese
YJ-83 "Saccade" family, and has a maximum range of 120km [3], [7], [8], [9]. The Houthis
have previously deployed the C-802 in attacks on ships. In October 2016, the Houthis fired
a C-802 at the United Arab Emirates-leased HSV Swift and struck the ship [10], [11].
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Figure 2: Seized Houthi weapons, including Quds-1 ("351") and C-802 "Noor" cruise missile components.
Image source: United States Central Command [6].

The Houthis claim to also be in possession of the [ranian-made extended-range "Ghadir"
variant of the C-802, dubbed the "Al-Mandab 2" [3], as well as the "Sayyad" and "Quds Z-0"
Anti-Ship variants of the Quds family LACM’s [12]. Iranian state media claim that the max-
imum range of the Ghadir/Al-Mandab 2 has been increased to 300 km [3], [13]. The Sayyad
and Quds Z-0 ASCM variants of the Quds LACM family are claimed to have a range of 800
km [3], [12], equal to that of the original Quds-1 ("351") Land-Attack version [7]. The Sayyad
employs a radar seeker to hit its targets, whereas the Quds Z-0 uses an electro-optical or in-
frared seeker [12]. Figure 3 presents two photos of the Al-Mandab 2/Ghadir (left) and the
Sayyad (right) Anti-Ship Cruise Missiles during a Houthi military parade [12].

‘,}!‘/‘

Figure 3: Left: "Al-Mandab 2/Ghadir" extended-range version of the C-802 Anti-Ship Cruise Missile during
a Houthi parade. Image source: Overt Defense [14]. Right: "Sayyad" radar-guided Anti-Ship variant of the
Quds family Land-Attack Cruise Missile during a Houthi parade. Image source: IISS [12].

On February 12th, 2024, Forces.net reported a photo taken of the HMS Diamond, a Type
45 Destroyer of the British Royal Navy, sailing into the port of Gibraltar after its deployment

2



in the Red Sea [15]. In the photo, the ship displays kill markings, with the silhouettes of
drones it shot down during its deployment in the Red Sea. In the photo, the silhouettes are
identified to be that of the Samad-2, Shahed-136, and Mersad-2 [15]. On March 20, 2024,
the French armed forces published a video on X (formerly Twitter) of a French helicopter
intercepting, what seems to be, a Houthi Samad-2 drone en-route to a commercial vessel
in the Red Sea, using its on-board gun, as part of the European Union’s Aspides mission
[16]. Figure 4 shows the type Type-45 "HMS Diamond" with its kill markings (left) and a
screenshot of the video of the French helicopter intercepting the Samad-2 drone (right)
[15], [16].

Figure 4: Left: Kill markings on Type 45 "HMS Diamond" after deployment in the Red Sea. Identified can be
the Samad-2, Shahed-136 and Mersad-2. Image source: Forces.net [15] (X: @Michael ] Sanchez key2med).
Right: Screenshot of a French armed forces naval helicopter accompanying a FREMM frigate taking out a
Houthi Samad-2 drone en-route to a commercial vessel in the Red Sea. Image source: EUNAVFOR ASPIDES
[17] (X: @EUNAVFORASPIDES).

Besides low and slow flying drones (Samad-2) and low and fast-flying cruise missiles
(C-802 Ghadir/Al-Mandab 2), the Houthis have also reportedly fired Short Range Ballistic
Missiles (SRBMs) and Anti-Ship Ballistic Missiles (ASBMs) at commercial ships [3], [18].
Though from a kinematic point of view, the SM-2 Block IIIA could theoretically be deployed
against Short Range Ballistic Missiles in a point-defence scenario, the SM-2 is not designed
to take out these targets. Therefore, this thesis will not discuss intercept scenarios of SRBMs
and ASBMs by the SM-2 Block IIIA. However, as the SM-2 is designed against high-altitude
targets besides the aforementioned sea-skimming targets, it is desirable to characterize a
high-altitude, high-speed target for the SM-2 to be deployed against. The Soviet-made AS-5
"Kelt" is chosen to be this target.

Figure 5: Left: Prototype AS-5 Kelt mounted on a prototype Tupolev Tu-16K-16 Badger G. Image source: Rus
MoD (via [19]). Right: Tupolev Tu-16K-16 Badger G armed with two AS-5 Kelts. Image source: Carlo Kopp
[19].



Protecting convoys and fleets by intercepting crossing targets in an area-defence sce-
nario introduces greater complexity than defending against an incoming threat in a head-
on point-defence scenario. In a point-defence scenario, an interceptor is fired in the di-
rection of the incoming threat and the engagement geometry is constrained to the vertical
manoeuvre plane only. The interceptor only needs to make manoeuvres in the vertical
plane to intercept the incoming threat. Defending against crossing targets introduces large
relative velocities in the horizontal manoeuvre plane, especially when the interceptor en-
gages a threat (nearly) perpendicularly when viewed from above. The interceptor has to
correct for errors and establish a collision course in both the vertical and horizontal ma-
noeuvre plane. To fully characterize an interceptor’s kinematic performance and ability to
defend convoys and fleets, area-defence scenarios must be simulated.

Engagement envelopes show, for a specific defence scenario, what area around the
launching ship can be protected by an interceptor. Threats are simulated to fly in a specific
direction, and are engaged once they appear above the radar horizon. Figure 6 presents a
schematic overview of a nominal engagement envelope. Engagement envelopes are critical
for mission planners to optimize the deployment of the limited amount of guided-missile
frigates and destroyers available in the Red Sea and Gulf of Aden, which can be tasked with
protecting commercial shipping. Therefore, this thesis will focus on developing such en-
gagement envelopes against the relevant Houthi threats.

Threat starting

positions Head-on scenario

Radar horizon

OO

315°

Threats
intercepted

270° 90°

225° 135°

180°

Figure 6: Schematic overview of an engagement envelope. Threats come in from the top of the figure, appear-
ing on the Radar Horizon and fly "downward" (direction 180°)



1.1. Research objective and Research Questions

The objective of this report is to analyse the kinematic performance of the Standard Missile-
2 Block ITIA and assess its suitability in protecting commercial shipping in the Red Sea and
Gulf of Aden against Houthi threats. The kinematic performance of the SM-2 Block IIIA
is derived from the missile’s burnout velocity, its guidance methodology, and its maximum
effective range and altitude. Assessing the interceptor’s area-defence capabilities to protect
commercial shipping is done by developing engagement envelopes against the Shahed-2
drone, Al-Mandab 2 version of the C-802 cruise missile, and Soviet-made AS-5 Kelt.

The research objective is formed into a research question and shall be:

"How well is the Standard Missile-2 Block I1IA suited kinematically for
use in area defence to protect commercial shipping vessels against
Houthi threats in the Red Sea and Gulf of Aden?"

With specific subquestions:

What is the protective envelope of the Standard Missile-2 Block I11A when employed in
area defence against crossing:

* low and slow flying targets, characterized by the Samad-2?
* low and fast flying targets, characterized by the C-802 "Ghadir/Al-Mandab 2"?

* high and fast flying targets, characterized by the AS-5 "Kelt"?

Additional subquestions are:

What guidance method(s) does the Standard Missile-2 Block IIIA employ to inter-
cept flying targets?

What is the Standard Missile-2 Block I11A’s burnout velocity?

What is the Standard Missile-2 Block I1IA’s maximum range?

What is the Standard Missile-2 Block IIIA’s maximum effective altitude?



1.2. Outline of the report

First, the methodology and the setup of the Simulink model are presented in section 2. The
first two subsections present a general overview of a Surface-to-Air missile’s flight phases
and the guidance loop. Then, in subsection 2.3 to subsection 2.10, the report presents the
quaternion transformation matrix, Kappa midcourse guidance, Proportional Navigation
for terminal phase homing, the modified point mass equations of motion, modelling of
forces, Primary Command Point calculation procedure, Simulink model block diagrams,
and the verification of the Simulink model.

In section 3, the Standard Missile-2 itself and the threats modelled in this thesis are in-
vestigated. First, the interceptor properties, such as that of the MK104 Dual-Thrust Rocket
Motor, internal layout, external geometry, and actuator properties are investigated. Then,
the SM-2’s time-varying mass, center of gravity, and moment of inertia are derived and
modelled. An aerodynamic analysis of the SM-2 is performed and the modeled autopilot
and airframe acceleration response section are presented. Finally, the relevant threats are
investigated and modelled.

The important results that are directly linked to the research questions are presented
in section 4. Flyout tables for each variant to the Kappa midcourse guidance mode are
presented and the interceptor’s kinematic performance metrics are derived. Then, engage-
ment envelopes are shown against each threat type to assess the SM-2’s area-defence ca-
pabilities.

Finally, conclusions are drawn and the research questions are answered. The results
are interpreted and 'given sense’. At the very last, recommendations for future research are
given.



2. Methodology and setup of Simulink model

2.1. Flight Phases

Figure 7 presents the phases of the SM2’s flight. During the pre-launch phase, the ship’s Fire
Control System (FCS) initializes the ship-to-missile communication links and the missile
is set to Aegis or Terrier/Tartar (2T) mode for compatibility with Fire Control Systems on
different classes of ships [20]. Aegis mode allows the ship to send direct steering commands
to the missile, whereas in 2T mode, the ship supplies the missile with a Primary Command
Point (PCP), a point in space where the interceptor is expected to intercept the target and
wehre the missile navigates to using its own navigation systems [20]. The Royal Netherlands
Navy uses a form of 2T navigation, where the ship’s Active Phased Arrar Radar (APAR) X-
Band Multi-Function Radar (MFR) tracks and illuminates the target.

Prelaunch Boost Midcourse Homing ‘ Endgame

i
%’é
/ / Semi-active illumination
1. P Terminal guidance

J » semi-active/active IR

PIP

Figure 7: General overview of the flight phases of the SM-2 Block IIIA including pre-launch, boost, midcourse
and terminal homing phases, as well as endgame kill assessment. The PIP (Predicted Intercept Point) in this
figure is equivalent to the Primary Command Point (PCP) term used in this report. Image source: Cole Jr. [20].

During the boost phase, the missile’s MK104 Dual-Thrust Rocket Motor (DTRM) is ig-
nited and the missile accelerates vertically from the ship’s Mark 41 Vertical Launching Sys-
tem (VLS). The MK104 has a boost-sustain thrust profile, generating a large thrust during
the first few seconds of flight (boost), after which a smaller amount of thrust is produced for
the remaining time until engine burnout (sustain phase). After 1 second of vertical flight,
the missile starts a pitch-over manoeuvre and its guided flight to the PCP.

In 2T mode, during the midcourse phase, the missile uses its own Inertial Reference
Unit (IRU) to fly towards the specified PCP using an Explicit Guidance guidance law [21] to
optimize the initial engagement conditions for the terminal phase [22]. The ship supplies
the missile with a new PCP if the newly calculated PCP were to become significantly dif-
ferent from the initial PCP [20], [21]. This could occur if the target changes course and/or
speed [21].

Once the interceptor reaches the vicinity of the PCP, it switches to semi-active homing
mode. The ship’s APAR illuminates the target and the interceptor uses its on-board radar
receiver to steer itself onto a collision course with the target [21].



2.2. Guidance Loop

Figure 8 presents a schematic overview of a general interceptor guidance loop [23]. Ex-
ternal information, i.e. the target motion, is used as the input for the guidance loop. The
missile seeker, the "target sensors" in this overview, sees the target in its own coordinate
system (the Line-Of-Sight (LOS) coordinate system in subsection 2.5). In the real world,
this information is noisy. Guidance filters, most often Kalman or alpha/beta filters are used
to filter our the target motion and generate a smooth and accurate signal [23]. The mea-
sured relative target motion and the interceptor’s own dynamics, measured by an on-board
Inertial Reference Unit (IRU) in the "Inertial navigation" section, represent the engagement
geometry and are fed into the guidance law section. A guidance law is applied to generate
acceleration commands. The autopilot then takes the acceleration commands and trans-
lates these into aerodynamic control surface deflections to achieve the desired response.
Interceptor information, such as velocity, altitude, time-varying mass and moments of in-
ertia are also fed into the autopilot for appropriate gain scheduling. The resulting forces
and moments, resulting in interceptor motion, are fed back to close the loop.

Kalman Filter Optimal Conlrol Servomechanism
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Figure 8: Simplified standard guidance loop consisting of a target sensor, guidance filter, guidance law, au-
topilot, accelerating airframe and an inertial navigation section [23].



2.3. Overview of Coordinate Frames

The kinematics of engagement scenarios are calculated in an inertial coordinate frame to
calculate the acceleration-, velocity-, and position vectors of the interceptor and target. As
multiple inertial coordinate frames exist, it should be mentioned what coordinate frames
are used in this report.

Figure 9 presents the coordinate frames that are most used by the AIAA community [24],
[25]. In this research, both the Launch-Centered Inertical Coordinate frame (LCIC frame)
and Missile Body Coordinate frame (MBC frame) are used. The Eath-Centered Earth Fixed
(ECEF) coordinate frame is not used due to the relative short intercept distances. However,
the engagement geometry can easily be translated into ECEF coordinates to project the en-
gagement geometry on an Earth model for visualisation purposes.

X (MNorth)
Y ¥(East) x, (nose)
[4
¥y (lateral)
X Z (down) Zp, (down)
Midcourse guidance coordinate Missile body coordinate frame
Earth-centered earth-fixed frame (LCIC)

Figure 9: Coordinate Frames used in this research paper. The ECEF frame displays all geometry on an Earth
model, the LCIC is the "local’ coordinate frame in which interceptions will be solved, the MBC frame is the
frame in-line with the missile body and the SC frame is in-line with the missile seeker [24].

2.3.1. Coordinate frames used in this report

The designer of a missile interceptor simulation has to decide in what coordinate frame
the engagement geometry and Equations of Motion (EoM’s) are solved. Broadston recom-
mends that for intercepts within ranges less than 200km, a Norh-East-Down (NED) coor-
dinate frame is best suitable [26]. Boord and Hoffman recommend the use of the equiva-
lent Launch-Centered Inertial Carthesian (LCIC) coordinate frame for midcourse guidance
[24]. Since the SM-2 Surface-to-Air Missile (SAM) has a publicly reported maximum ef-
fective range of 167km [1] and most intercepts will occur well within this range, the LCIC
coordinate frame will be used to solve the engagement kinematics in this research.

In the modified point mass simulations of this report, the missile’s trajectory is calcu-
lated in the LCIC frame by solving the force equations, but not explicitly modelling the mis-
sile’s yaw, pitch, and roll angles. The aerodynamic forces and propulsive are modelled in
the local Missile Body Coordinate frame (MBC frame), resulting from the implicit angles of



attack and sideslip that are required to obtain the commanded accelerations. In modified
point mass simulations, the Missile Body Coordinate frame (MBC frame) is constructed
originating from the velocity vector, where the local X-axis is aligned with the velocity vec-
tor and the local Y- and Z-axes point to the right’ and 'down’. The forces acting in the MBC
frame are translated to the LCIC by means of a coordinate transformation step, as explained
in subsubsection 2.3.3 and subsubsection 2.3.4. Figure 10 presents the LCIC frame and how
the MBC frame is positioned in the LCIC frame.

Figure 10: Visualization of the LCIC and MBC coordinate frames. The LCIC coordinate frame points North,
East, and down. The MBC frame originates from the interceptor’s center of gravity and is constructed 'for-
ward’, right’ and 'down’ with respect to the interceptor’s roll axis. The MBC frame is oriented with respect to
the LCIC frame by the roll, pitch, and yaw angles ¢, 6, and .

Acceleration commands generated by the guidance section are either given with respect
to the Line of Sight (LOS) in the case of Proportional Navigation (see subsection 2.5), or are
directly given in the MBC frame, as is the case for Kappa guidance during the midcourse
phase (see subsection 2.4). When acceleration commands are given with respect to the
LOS, the acceleration commands are translated to the MBC frame by applying the LOS-
to-MBC transformation matrix found in Equation 15. The acceleration commands in the
MBC frame are used as inputs to the autopilot, explained in subsection 3.4, which models
the 'real’ second-order acceleration response and approximates it by a first-order transfer
function. The resulting first-order acceleration response in the MBC frame is then trans-
lated to the LCIC frame through the quaternion rotation matrix given by Equation 8.

2.3.2. Coordinate frames in 6 Degrees of Freedom simulations
In 6-DOF simulations, the missile’s three translational and three rotational degrees of free-
dom are all explicitly modelled. The missile’s state vector is thus described by its position,
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velocity, and acceleration in the inertial frame, its Euler angles that orient the MBC frame
with respect to the LCIC frame and their time derivatives, and the local velocities and rota-
tional velocities and accelerations in the MBC frame. The Missile Body Coordinate (MBC)
frame originates at the missile’s center of mass and has its x-axis pointed along the missile’s
longitudinal axis, towards its nose [24]. The Y- and Z-axes point to the right’ and 'down,
respectively, making the MBC frame a right-handed coordinate frame.

2.3.3. Transformation matrix
To translate vectors from the LCIC frame to the MBC frame, the LCIC-MBC transformation
matrix described by Equation 1 is used [24], [27].

c@p)c(yyp) c(@p)s(wp) -5(0p)
s(p)s@p)cwp)—  sPp)sO@Op)styp)+  s(Ppp)c@p)
[AYES =] c@p)syp) c(pp)cyp) , 1)

c(pp)s@p)c(yp)+ clPp)s@p)stwp)— clpp)c(Oy)
s(Ppp)s(yp) s(p)c(yy)

where c is short for the cosine operator and s is short for the sine operator. v, is the
missile body yaw (azimuth) angle with respect to the LCIC frame, 6}, the pitch angle and ¢,
is the roll angle.

To transform from the MBC to the LCIC frame, the transpose of the transformation ma-
trix is applied, as the transformation matrix is orthogonal [24].

2.3.4. Quaternions

Euler angles are usually an effective method to describe the attitude of aircraft and missiles
in modified point mass and 6-DOF simulations. Euler angles allow for relatively fast cal-
culations and an intuitive geometrical interpretation. However, a mathematical singularity
occurs in Euler angle notation when the vehicle’s orientation is vertical with respect to the
inertial horizon (6 = 90°) [28]. Because the SM-2 is launched vertically, this would be the
case for the present thesis. Therefore, it is decided to describe the rotation matrix using
quaternions. To implement the quaternion method, the derivation methodology accord-
ing to Armesto [29] is followed.

First, the rotation vectors q,(¢), q,(0), and q,(y) are defined by

q.(¢) = Sm( ) : 2)

0
0
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q,0) = ) , 3)

and

q,y) = 0 ) (4)
| sin (%) |
with ¢, 0, and y the interceptor’s roll, pitch, and yaw angles, respectively. The rotation

vectors are later used to construct the quaternion, q. The rotation vectors q,, q,, and g,
are now multiplied by

4=49.¥)0q,0)0q,(), (5)

in order to construct the quaternion q, which in turn is used to construct the MBC
frame-to-LCIC quaternion rotation matrix, Qé\ggf "4™M¢ " The multiplication operation q,

© g, between two vectors q, = [q1,w, q1,x, 91,5, G1,2) " and g, = [G2,w, G2, G2,y, G2,2) T is de-
fined using by [29]:

drLwq2,w — q1,x92,x — q1,yq2,y — 41,292,z
di,wq2,x T q1,xq92,w + 671,y612,z - ql,zqz,y
ql,qu,y - q1,xq2,z + ql,qu,w + 6/l,zq2,x '
q1,wq2,z + ql,xqz,y - q1,yq2,x + q1,zq2,w

4,04, = ©)

After the two vector multiplication operations, q,(y)©¢q,,(0) and (q :Wogq, (9)) oq,(),
the resulting quaternion ¢ is obtained [29]:

q= | %|. @)

LCIC

Finally, the quaternion rotation matrix Q MBC frame

is constructed by [29]:

1-2G5-292  24xqy —24:qw 2qxqz+2qyqu
[Q]ﬁj};gfmme: Zquy"‘ZCIzqw 1_2%26_2‘72 zquz_quqw (8)
2Gxq: =24y qw 24yqGz+2Gxqw  1-2q5-245
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2.4. Midcourse Guidance: Explicit Guidance

The goal of a midcourse guidance law is to generate acceleration commands for the in-
terceptor to steer itself to a calculated PCP along a trajectory that improves the energy
at impact, compared to trying to intercept a target by flying to the PCP in a straight line.
The SM-2 set to T2 mode uses the Explicit Guidance midcourse guidance law [21]. Explicit
Guidance is a form of Optimal Control where the solution to a cost function, consisting of
multiple weighted objectives, is calculated. Not only is the missile guided to the PCP, but
a terminal intercept angle can also be specified [21], [24], [30]. The guidance law will thus
try to shape the intercept course such that the missile flies through the PCP at the given
intercept angle. Trajectory shaping is typically performed only in the vertical plane [24],
with the horizontal path from the launcher to the PCP being a straight line.

2.4.1. Explicit Guidance acceleration commands

Ohlmeyer and Phillips [31] have developed a form of the Explicit Guidance navigation kown
as Generalized Explicit Guidance (GENEX). Explicit Guidance may also be known as 'Kappa
guidance’ [32], [33], [34]. Lin [30], Zarchan [32] and Serakos and Lin [33] propose solutions
to the Kappa guidance principle. Boord and Hoffman [24] further consider Lin’s solution
to the Kappa guidance law in their Book. Equation 9 shows Lin’s solution to the Kappa
guidance law, as developed by Lin and presented by Boord and Hoffman [24], [30]:

K K
agCIC — _21 [Rpcp — Ry —VMTgo] + 2 Vyvr =V, 9
T2, Tgo

where a, is the commanded acceleration vector in LCIC coordinates, K; and K, are
time-varied weighing factors which are further discussed in subsubsection 2.4.3 [30]. Ty, is
the time-to-go and is approximated using a time-to-go approximation algorithm, as the in-
terceptor’s velocity varies greatly along the trajectory to the PCP, which itself is not a straight
line. The time-to-go is approximated in appendix A.1 due to its lengthy derivation. Rpcp is
the range vector from the LCIC frame origin to the PCP, Ry, is is the range vector from the
LCIC frame origin to the missile c.g., Vj, is the current missile velocity vector, and Vyr is
the estimated missile velocity vector at the PCP. It is the product of the specified intercep-
tion direction unit vector iy and the estimated missile velocity at the PCP, Vs, which is
estimated in appendix A.2.

Figure 11 presents an example of an arbitrary interceptor’s resulting flyout trajectories
towards specified PCP’s, following the implementation of the Kappa guidance law as pre-
sented by Boord and Hoffman [24]. Boord and Hoffman recommend intercepting low flying
(< 10km) targets such as cruise missiles at a ground angle of 75 degrees, which is "appropri-
ate for a cruise missile defense strategy" [24]. Intercepting terminal phase ballistic missiles
should occur at a local ground angle of 45 degrees [24]. However, the designer is free to
specify his or her own terminal intercept angle.
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Figure 11: Example of interceptor flyout geometries using Kappa guidance [24] for an arbitrary interceptor.
Targets below 10km altitude are set to be intercepted at an absolute ground angle of 75 degrees. Targets at
or above 10km altitude are set to be intercepted at a ground angle of 45 degrees. The missile launch occurs
vertically.

2.4.2, Simplified calculation of acceleration commands

Lin, together with Serakos, later published a closed-form solution to the Kappa Guidance
principle, in which the calculated acceleration commands are now independent of the
time-to-go, Tg,, and the estimated velocity vector at the PCP, Vyr. Boord and Hoffman
state that the performance of the closed-form formulation is close to the performance of
the full methodology that includes the time-to-go and estimated final velocity vector at the
PCP [24]. Equation 10 presents the closed-form formulation for the acceleration command
normal to the velocity vector in the vertical plane [24]:

Ky
Ryp

ac=- [Visin(8)] + LT [V sin(u)cos(d)] (10)
cp Rmpcp

where a. is now the acceleration command normal to the interceptor’s velocity vector
in the vertical plane at a given timestep, Ry/pcp is the range from the interceptor’s current
position to the PCP, 6 is the angular deviation from the collision course in the vertical plane
(the angular error between the interceptor velocity vector and interceptor-to-PCP line of
sight) and p is the angular deviation between the current velocity vector and the specified
terminal intercept angle at the PCP in the vertical plane [24]. Figure 12 visually shows the
definitions of 6 and p.
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In Equation 10, only the specified vertical terminal intercept angle at the PCP is re-
quired. Though less advanced than Equation 9, which implements T, and Vjr estima-
tions found in appendix A.1 and appendix A.2, Equation 10 may be more approximate to
the midcourse guidance algorithm implemented on board the SM-2 Block IIIA, given the
age of the SM-2 Block IIIA and due to Equation 10’s simplicity, robustness, lower compu-
tational costs and absence of the advanced Ty, and V) estimations that were only devel-
oped since the 2000’s.

LCIC -z
A

Interceptor

>
LCIC X,y

Figure 12: Midcourse guidance geometry specifying the definitions of 6 and p in the LCIC frame

As the interceptor is fired towards the PCP with a constant heading angle over the whole
trajectory, no steering commands in the horizontal engagement plane are expected. In real
life, the interceptor needs to compensate for wind loads steering the interceptor off-course.
In a perfect simulation environment, no such wind loads exist. Regardless, for complete-
ness, a horizontal steering command equation is implemented. One can implement Equa-
tion 10 in the horizontal plane, or implement a Proportional Navigation scheme. In this re-
port, Proportional Navigation is implemented for horizontal-plane guidance. Proportional
Navigation will be discussed in detail in subsection 2.5.

2.4.3. Calculating K; and K>

The weighing factors K; and K; are time-varying functions of the magnitude of the interceptor-
to-PCP range and the trajectory-shaping coefficient w, which is presented Equation 11 and
Equation 12. The equations for calculating K; and K, change depending on whether the
generated thrust is larger or smaller than the zero-lift drag force and whether a terminal
intercept angle is specified or not. The four cases for calculating K; and K are:
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Case 1: Thrust smaller than or equal to zero-lift drag, with a specified intercept angle
at the PCP

Case 2: Thrust smaller than or equal to zero-lift drag, no specified intercept angle at
the PCP

Case 3: Thrust larger than zero-lift drag, with a specified intercept angle at the PCP

Case 4: Thrust larger than zero-lift drag, no specified intercept angle at the PCP

For each case, Lin covers the complete mathematical derivations for the optimal equa-
tions for K; and K> [30]. Only the resulting equations are presented here. The reader is
referred to Lin [30] for the full mathematical derivations. Table 1 describes the equations
for calculating K; and K> for the four cases:

szRIZ\/IPCP —wRMPCP (ewRMpcp _ e—wRMpcp)

T <= Dy, with angle | K =
° & ' ewRurce (Rypep — 2) — e~@RMPCE (0 Rygpep +2) + 4

szIZVIPCP(e(URMPCP + ¢~ @WRMPCP _ 2)

K, =
e®Rmpce (wRypep —2) — e~ “Rmrce (wRypep +2) +4
T <=Dg,noangle | K;=0
. wZRIZWPCP(ewRMPCP + e—wRMpcp)
) =

~ ewRmPcP (wRypep — 1) + e @RMpce (W Rypep + 1)

_ wRppcp(sin(wRypcp) — wRMpCP)
2—=2cos(wRypcp) —wRppcpsin(wRypcp)

T > Dy, with angle K

_ w*R3, cp(1— cos(WRMpcp)
2 —2cos(wRppcp) — wRypcpsin(wRypcp)

K>

T > Dy, no angle Ki=0

2p2 .
_ w RMPCPSIH(wRMpcp)
2= —
sin(wRpypcp) —wRppcpCOS(WRMpCP)

Table 1: Equations for calculating K; and K> for four scenario’s. T is the thrust force, Dy is the zero-lift drag
force, Ryspcp is the interceptor-to-PCP range, and w is a trajectory-shaping coefficient

In Table 1, T is the generated thrust force, Dy is the zero-lift drag force, Ry;pcp is the

magnitude of the interceptor-to-PCP range, and w is a time-varying trajectory-shaping co-
efficient and is "known as the trajectory-shaping coefficient and is a first-order function of
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the aerodynamic and propulsive forces in that plane when attempting to minimize energy
loss for a missile flight" [24]. The coefficient w does not depend on the terminal intercept
angle, but two different equations are used depending on whether the thrust is larger or
smaller than the zero-lift drag:

» Case 1: Thrust smaller than drag
In the case where the generated thrust is smaller than the zero-lift drag, w is calculated us-
ing Equation 11 [30]:

w’ = (11

e Case 2: Thrust larger than drag
In the case where the generated thrust force is larger than the zero-lift drag, w is calculated
using Equation 12 [30]:

+ 1)2

m2vi (217+ %)

, LaDo-T)(
w- =

I
La

(12)

In these equations, Dy is the zero-lift drag force, L, is the lift-curve slope, V), is the
missile velocity magnitude, 7 is an aerodynamic efficiency factor that can be determined
empirically, or set to 1 in case of a simplified model, C;, is the dimensionless lift-curve
slope, T is the time-varying thrust force and m is the time-varying missile mass [24].

2.4.4. Gravity compensation

The total acceleration command normal to the velocity vector in the vertical frame is cal-
culated by adding a gravity compensation term to the Kappa midcourse acceleration com-
mand, defined in Equation 9 or Equation 10 [30]. Implementing the gravity compensation
term can be done simply by taking the cosine of the missile’s pitch angle 6 (which in a mod-
ified point mass simulation is equivalent to the vertical flight path angle y,), thus:

0
Sromy =—8-| 0 (13)
cos(60)

2.4.5. Maximum acceleration command limit
To optimize kinematic performance and minimize the total energy bleed due to drag along
an intercept trajectory, it may be desirable for the interceptor to fly at higher altitudes.
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Therefore, large lateral accelerations at the start of flight should be prevented, thus result-
ing in a slower pitch-over manoeuvre. The interceptor’s kinematic performance is thus im-
proved by setting a limit to the maximum allowed acceleration command generated by the
midcourse Kappa guidance. Limiting the maximum pitch-over manoeuvre, however, does
increase the minimum distance at which the interceptor can intercept targets. However,
for very short range intercepts, short-range Surface-to-Air missiles such as the Evolved Sea
Sparrow Missile (ESSM) or the point-defence Close-In Weapon System (CIWS) are utilized,
allowing the Standard Missile family of SAM’s to be kinematically optimized for medium to
long range intercepts. The maximum acceleration command limit in the Simulink model
is set to 10 g’s for the first 20 seconds of flight.

An overall maximum acceleration command limit of 45 g’s is given to prevent over-
stressing of the airframe. No open-source information could be found on the maximum
g-force that the Standard Missile-2 Block IIIA is designed for. However, in consultation
with the thesis supervisor, a value of 45 g’s was chosen.

2.4.6. Long-Range Midcourse Guidance variant

In subsection 4.1, the Kappa guidance midcourse guidance algorithm is seen to give the
SM-2 Block ITIA a maximum effective range of 83 km, falling short of the publicly reported
maximum range of 167 km [35], [1]. The Standard Missile-2 Block IIIA is either kinemati-
cally unable to reach the reported 167km, or the implemented guidance algorithm limits
the maximum range of the interceptor. To to able to fly very long ranges, the trajectory
should be shaped such that the interceptor spends most of its trajectory in the very high
atmosphere to minimize total energy bleed due to drag.

A simple modification to the Kappa midcourse guidance algorithm was implemented to
first force the interceptor into the very high regions of the atmosphere before being guided
towards a specified PCP. In this 'long-range mode’, a constant pitch-over acceleration com-
mand of 3 g is given during the first 25 seconds of flight. The result is a gradual pitch-over
manoeuvre that brings the missile to an altitude of 18.1 kilometers at a downrange position
of 12.9 kilometers, as can be observed in Figure 45 and Figure 46, after which Kappa guid-
ance is again used to guide the interceptor towards the specified PCP.

In subsection 4.1, flyout tables are also presented for the long-range Kappa guidance
mode. The long-range Kappa guidance mode with no specified intercept angle achieves a
maximum ground range of 173 km, very closely agreeing with the publicly reported maxi-
mum range of 167 km.
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2.5. Terminal Guidance: Proportional Navigation

After the Standard Missile-2 has flown to the vicinity of the PCP using Kappa guidance, the
interceptor enters the terminal homing phase (see Figure 7). Once the range from the inter-
ceptor to target is sufficiently small for the on-board radar receiver to detect the target, the
guidance loop (see Figure 8) is activated and the interceptor is guided towards a collission
course with the target using Proportional Navigation.

Proportional Navigation (PN) was first developed in the 1940’s [24] and it and its varia-
tions are still the most widely used interceptor guidance laws to date. Over the years, varia-
tions of PN have been developed to add functionalities to the guidance law, including com-
pensation factors for gravity and interceptor- and target accelerations. Due to increases in
computational power, more complex guidance laws are developed and implemented, re-
sulting in Proportional Navigation becoming dated. Regardless, PN remains a stable and
robust guidance law with excellent intercept performance, especially when preceded by a
proper midcourse guidance law that optimizes the initial conditions of the terminal hom-
ing phase. There may exist guidance laws that outperform PN under specific conditions,
but they are often optimized only for those specific conditions [23]. Palumbo and Ross
comment: "if the derivation assumptions become too specific, the resulting guidance law
may work well if those assumptions actually hold, but performance might rapidly degrade
as reality deviates from the assumptions" [23].

Figure 13 presents a schematic overview of a planar (two-dimensional) engagement ge-
ometry with respect to an inertial frame. Simplifying a complex three-dimensional engage-
ment geometry into two uncoupled planar representations greatly simplifies the problem
mathematically without diminishing performance. Most modern guidance law implemen-
tations use this approach [23].
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Figure 13: Planar interception geometry overview [23]
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In Figure 13, y), is the missile flight path angle, y r is the target flight path angle, A is the
LOS angle, r), is the missile inertial position vector, rr is the target inertial position vector,
vy is the missile velocity vector, vt is the target velocity vector, ay, is the missile accelera-
tion normal to the LOS in the LCIC frame, ar is the target acceleration normal to v, Lis the
lead angle, r is the relative position in x-direction, ry is the relative position in y direction
and R is the range to the target [23].

PN aims the interceptor velocity vector in each plane such that, when added to the tar-
get velocity vector, the relative velocity vector between the interceptor and target is purely
along the missile-to-target Line-Of-Sight (LOS) vector. The interceptor is on a direct col-
lision course when the LOS angle does not change. A relative velocity that is not directly
in line with the missile-to-target LOS has a component perpendicular to the LOS, thus re-
sulting in an angular velocity of the measured LOS. This angular LOS velocity is used to
compute the acceleration commands that realign the relative velocity to the LOS vector.

2.5.1. PN Acceleration command equations
Equation 14 presents the Proportional Navigation acceleration commands in the LOS frame:

al% = N'V¢A, (14)

where algos is the acceleration command vector in the Line of Sight frame, N’ is the nav-

igation constant, V¢ is the closing velocity and A holds the measured angular velocities of
the LOS vector in the LCIC frame.

To obtain the acceleration command perpendicular to the MBC frame (which in a mod-
ified point mass simulation aligns with the velocity frame), a rotation matrix from the LOS
frame to the MBC frame is applied:

0 sin(Lyg) cos(Lyg)sin(Ly)
TIeCF =10 cos(Lyg) sin(Lyg)sin(Ly) (15)
0 0 cos(Ly),

where Lyr is the lead angle in the horizontal (North-East) plane and L, is the lead angle
in the vertical plane. Attention is called on the zeros in the first column. As the interceptor
cannot throttle its thrust, the acceleration command in the MBC frame’s x-direction is set
to zero. In Equation 15, the acceleration command in MBC frame’s x-direction is therefore
not calculated.

The acceleration command vector in the MBC frame can now be calculated by multi-

plying the LOS-to-MBCEF rotation matrix by the acceleration command vector with respect
to the LOS frame, given by:
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GMBCF _ TMBC  gL0S (16)

2.5.2. Values for the Navigation Gain N’

For interceptors, N’ is usually between 3 and 5, depending on the type of target the missile
is designed for. Deriving the Optimal Control equations and solving for minimum control
effort, the optimal value of N’ is found to be N’ = 3 [34]. However, for manoeuvring targets,
a navigation gain of N’ = 3 may be insufficient to keep up with target manoeuvres, poten-
tially resulting in a miss. Therefore, navigation gains of N’ = 4 or N’ = 5 are often used
when intercepting manoeuvring targets. It is up to the missile designer to make a trade-off
between minimizing energy expenditure and maximizing manoeuvrability. Variations on
PN may incorporate a time-varying navigation gain scheme to minimize energy loss dur-
ing the initial phase, while simultaneously allowing the missile to make sharp turns during
terminal homing.

A separate midcourse guidance law may also replace the need for a time-varying Pro-
portional Navigation scheme. During the midcourse flight phase, replacing PN with a navi-
gation gain of N’ = 3 by a dedicated midcourse guidance law may improve overall intercept
performance by shaping the trajectory to optimize for desired intercept performance pa-
rameters, such as impact velocity or minimum time-to-intercept. In this report, Explicit
Guidance, as explained in subsection 2.4, guides the missile towards an intercept course
at a predefined intercept angle. PN with a high navigation gain, such as N’ = 5, can then
be used in the terminal homing phase to maximize interceptor accelerations, to allow for
interception of manoeuvring targets.

2.5.3. Augmented Proportional Navigation

Augmented Proportional Navigation (APN) aims to improve some of Proportional Naviga-
tion’s shortcomings. PN works best if the target velocity is constant. In that case, an initial
lateral acceleration will quickly lead to the interceptor flying on a collision course with the
LOS angle A becoming constant. PN can deal with manoeuvring targets, whose movement
results in a LOS angle rate, A, which is used as an input in Equation 14 to calculate the in-
terceptor’s acceleration commands.

Augmented Proportional Navigation (APN) expands on PN by including both intercep-
tor and target acceleration. Augmented PN is "a simplification of an optimal guidance law
that accounts for both target manoeuvre and missile dynamics" [26]. Provided that the
missile’s on-board seeker can measure target accelerations, APN can thus generate acceler-
ation commands using the relative position, relative velocity, and target and interceptor ac-
celerations [26]. Advanced filters such as Extended Kalman Filter or an Alpha-Beta-Gamma
filter may provide sufficiently accurate target acceleration values [30], [34].

Modifying the original PN equation (given by Equation 14) to compensate for gravity
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and interceptor drag effects projected into the LOS plane results in "compensated PN" [34],
[36] and is given by Equation 17 [34].

. N’
aZCVIBCF = T%gCF- (N'Vc/'l—alL(?nsg) - ?gMBCF, (17)

where al9% holds the acceleration command vector in the LOS frame, T}3¢" is the

LOS-to-MBCF transformation matrix given by Equation 15, N’ is the navigation gain, A
holds the angular velocities of the LOS vector, a;,, is the interceptor’s longitudinal accel-
eration projected into the LOS plane, which is the sum of the missile’s thrust and drag, and
gMBCF g the gravity vector in the MBC frame.

Further adding the target manoeuvring dynamics results in a full Augmented Propor-
tional Navigation scheme. Equation 18 gives Lucacs and Yakimenko’s APN acceleration
commands equation that holds into account the LOS rate, target acceleration, interceptor
acceleration, and gravity [34]. Equation 18 is rewritten symbolically from its original form
to remain consistent with the symbols used in this work.

. N N’
MBCF MBCF ! LOS LOS MBCF
a, =Tros [N [/C}L+—aT —along —7g ) (18)

where a%os is the target acceleration vector projected into the LOS plane.

Because APN is able to take into account interceptor and target accelerations, the navi-
gation gain does not need to remain N’ = 5 to keep up with target manoeuvres. The naviga-
tion gain can be set back to N’ = 3 to comply with minimum control effort optimality [34]

and maximize kinetic energy at intercept.

2.5.4. PN scheme used in this report

As the aim of this report is to construct engagement envelopes against non- (or barely) ma-
noeuvring targets, a relatively simple Proportional Navigation scheme with gravity com-
pensation is implemented in this report. Equation 19 presents the Proportional Navigation
scheme implemented in this report:

. N’

c LOS Y 4

2.5.5. PN maximum acceleration command

As is the case for Kappa guidance (see subsubsection 2.4.5), the Proportional Navigation
guidance acceleration command is limited to a maximum of 45 g’s to prevent overstressing
of the airframe.
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2.6. Equations of Motion in modified point mass sim-
ulations

As mentioned in subsection 2.3, a modified point mass model is used to solve the kinematic
equations in the Launch-Centered Inertial Coordinate Frame. The interceptor’s accelera-
tions in the LCIC frame are derived by solving the dynamic equations of motion (EoM’s)
at every discrete timestep of the simulation. The aerodynamic and propulsive forces are
modeled in the Missile Body Coordinate frame (MBC frame) and are translated to the LCIC
frame by applying the quaternion rotation matrix explained in subsubsection 2.3.4. Be-
cause a modified point mass model is used in this report, which uses implicit, rather than
explicit angles of attack and sideslip, both the MBC frame and LCIC frame are inertial
frames. The force equations can thus be solved directly in the MBC frame and the angular
rates about the axes of the MBC frame do not need to be taken into account, as would be
the case for 6-DOF simulations.

2.6.1. Velocity vectors in Missile Body Coordinate Frame

The interceptor’s velocity vector in the MBC frame, V?, consists of three components; u, v,
and w, defined along the directions of the missile body axes X}, Y}, and Z;, respectively.
The interceptor’s velocity in the MBC frame is expressed by [28]:

u
VP =ui+vj+wk=|v| , (20)

wly

where i, j, and k are the unit vectors along the missile body axes X}, Y3, and Z;, [28].

2.6.2. Translational accelerations in Missile Body Coordinate Frame
Newton’s second law stipulates that in an inertial reference frame, the time rate of change
of an object’s momentum is equal to the force acting on that object, in this case the inter-
ceptor. This can be mathematically expressed by:

d Fy
—(mV) =F= | Fy|, @)
F,

where m is the mass of the interceptor, V is its velocity vector and F is the force vector
acting on the interceptor. Assuming the interceptor’s mass remains constant or by taking m
to be its instantaneous mass at timestep ¢ when using numerical integration, Equation 21
can be rewritten to express the forces acting on the interceptor in the inertial MBC frame:
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F2 = mV’ = m@i+ vj+wk=m-|v| . 22)
W

Rewriting Equation 22 to express the individual components of the interceptor’s accel-
eration vector in the inertial MBC frame, #, 7, and w, results in:

F

=, (23)
m
F

v=—, (24)
m

and

F

w=—, (25)
m

where Fy, Fy, and F; are the forces acting on the particle’s centre of gravity in the local
x—, y—, and z— directions.

2.6.3. Accelerations in Launch-Centered Inertial Coordinate Frame
The translational acceleration equations in Equation 23 to Equation 25 are translated to
the LCIC frame by applying the MBC-to-LCIC quaternion transformation matrix found in
Equation 8, resulting in:

VO = (1QiaE) -V (26)
where V” is expressed as:
u
vi=|0]. 27)
w
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2.7. Modelling Forces

The translational and rotational accelerations in the MBC frame, as expressed by Equa-
tion 23 to Equation 25, are functions of the forces- acting on the interceptor. The forces F?,
F;,’ , and Ff are the total forces acting on the interceptor’s body in X}, Y3, and Z;, directions,
respectively. The total forces are the sum of the individual propulsive and aerodynamic
forces, as well as gravity. This is mathematically expressed as:

b _nb b b
F”=F +Fb +F}, 28)

where FZ are the aerodynamic forces acting along the missile’s X3, Y3, and Z;, axes, FZ
is the propulsive force vector in MBC coordinates, and ng’, is the gravitational force vector
in the MBC frame.

2.7.1. Aerodynamic forces
The aerodynamic forces acting along the MBC frame’s axes are expressed as:

Fa,
F)=F,i+F, j+Fi k= | Fa, | , (29)
_FAZ b
where:
Fy, Cn,
FAy :qd'SRef' CNy . (30)
Fa, 1, Cn, 1,

The aerodynamic force coefficients for all possible combinations of altitude, Mach num-
ber, and trim angle of attack are calculated using the semi-empirical aeroprediction code
Missile DATCOM and are discussed in subsection 3.3.

2.7.2. Propulsive force
The propulsive force is assumed to always act perfectly along the missile’s longitudinal axis
(Xp-axis). Therefore, the propulsive force vector in the MBC frame can be expressed by:

T
FI; =lo]| , (31)
0

b

where T is the thrust force. Table 6 in subsubsection 3.1.2 presents the thrust over time
of the SM-2 Block ITIA used in this report.
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2.7.3. Gravitational force

The maximum altitude the interceptor will be flying at is 35 km. The gravitational acceler-
ation g may thus be assumed to have a constant value of g = 9.81 m/s?. The gravitational
force acting on the missile in the LCIC frame may be expressed by:

0
Fg,C’ C-1| o (32)

mglicic

where m is the interceptor’s (time-varying) mass. The gravity acting on the missile in
the MBC frame is found by applying the LCIC-to-MBCF quaternion transformation matrix.
Equation 33 now presents the gravity force acting on the missile in the MBC fame:

Fy = (IQIzcic’) -Fg ', (33)

where [Q]ﬁ/%g is the quaternion transformation matrix as expressed by Equation 8.
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2.8. Primary Command Point Calculation Procedure

The Primary Command Point is a point in space where the interceptor is expected to inter-
cept a target. In this report, the Standard Missile-2 first uses Kappa guidance to fly towards
the PCP before switching to semi-active homing using Proportional Navigation to manoeu-
vre onto a collision course.

To calculate the Primary Command Point, it must be known for any point in space
around the launching ship how long it takes the interceptor to reach that point in space.
To this end, flyout tables are constructed and displayed in subsection 4.1. The PCP is cal-
culated iteratively. Selecting one of the flyout tables presented in subsection 4.1, the time-
to-intercept can be found for any combination of downrange distance and altitude of an
incoming target. Once the time-to-intercept to the target’s current position is found, the
expected future target position is extrapolated and a new time-to-intercept for the expected
future target position is found. This procedure is continued until convergence, given the
found Primary Command Point falls within the contours of the selected flyout table.

In the PCP calculation model used in this report, the target has a constant speed and
acceleration in the North-East-Down frame. Using the Pythagorean theorem, the down-
range and altitude positions of the target are calculated. For that given combination of
downrange position and altitude, the time-to-intercept is found using one of the flyout ta-
bles presented in subsection 4.1. Then, given the resulting time-to-intercept and the target
flying with a constant velocity and acceleration, a new target position in the NED frame
can be calculated. For the updated position in the NED frame, the downrange position and
altitude values are again calculated and plugged into the selected flyout table to find the
new time-to-intercept value. This procedure is repeated until the time-to-intercept change
decreases to a sufficiently small value.

Figure 14 presents the PCP calculation procedure schematically for one dimension.
Target position at start

Target velocity
Expected target position att= TT'1,

Expected target position at t

i TT1,
Expected target position at t

TTIs

Expected target position att = TT1,

Figure 14: Schematic explanation of iterative procedure for calculating the Primary Command Point (PCP).
PCP is found when consecutive values for time-to-intercept are sufficiently small.
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2.9. Simulink model block diagrams

To simulate the interceptions of targets by the Standard Missile-2 Block IIIA, a MatLab
Simulink code was developed. Similar to the guidance loop presented in subsection 2.2,
a functional block diagram of the Simulink code consists of a loop that is iterated at each
timestep. Figure 15 presents a functional block diagram of the Simulink model used in this

report.

Engagement
geometry

A 4

Guidance laws

\ 4

Trimmed conditions

Dynamics and
kinematics

A

Airframe
acceleration
response

A

Figure 15: Simulink simulation loop used in this report

To start, the engagement geometry is established in the Launch-Centered Inertial Coor-
dinate frame. The position, velocity, and acceleration vectors of the Standard Missile-2 and
the target are given, as well as the position of the Primary Command Point. The relative
geometries between the interceptor and PCP and between the interceptor and target are
calculated and the resulting variables are used as inputs to the guidance section. Figure 16
presents the internal block diagram of the engagement geometry:

EngageEent geometry

Dynamics and
kinematics

FLCIC |
PCP information ree, PCP/Interceptor J, b, Ryrpop s Kappa
_|relative geometry | | guidance
~LCIC ~LCIC
Lint - Vint |
. o |
_rcic ~rcic |Target/Interceptor| Any Av, Vo | [Proportional
Target Ltarg > Vtarg _|relative geometry "’ Navigation
information |

—

Figure 16: Engagement geometry block diagram

The guidance law section, whose functional block diagram is presented in Figure 17,
calculates the interceptor’s acceleration commands using information derived from the
engagement geometry. During the midcourse phase, Kappa guidance is used. Once the
interceptor is close enough to the target, the guidance section switches to Proportional
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Navigation. Both Kappa guidance and Proportional Navigation output the interceptor’s ac-
celeration command with respect to the interceptor’s velocity vector.

Guidance laws

|
|
' |
| Kappa guidance
|
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An, Av, Ve o5 Tos oh 2 7ev | matrix: Calculate | —ch 2 Zcw Add ey !
I Qe ep MBC  MBC |
| a‘c,h 70’6,11
|

Figure 17: Guidance law block diagram

The resulting acceleration commands are input to the aerodynamic trim conditions
section. The aerodynamic trim conditions section uses the aerodynamic database de-
scribed in subsection 3.3, in which the airframe’s trimmed lift- and drag coefficients are
given for any combination of center of gravity position, Mach number, and trimmed angle
of attack. Using the interceptor’s mass and dynamic pressure, the commanded acceleration
is translated into a required lift coefficient, which, using the aerodynamic database, trans-
lates to arequired angle of attack, & i, and tail fin deflection angle, 6;;5,. The interceptor
can not fly at angles of attack larger than the maximum trimmed angle of attack. In case
the commanded acceleration exceeds the maximum achievable acceleration command at
Qtrim,max, the commanded acceleration is limited to what can be achieved at & ;im,max-
Consequently, the commanded &;;m,max is translated back to the trimmed acceleration
command, which is used as an input for the airframe acceleration response section.

Trimmed conditions

|m7qwsref i -
Calculate | apiaC Airframe

' |
' |
| Interceptor M, q, Sref C'1,, | Aerodynamic Aerodynamic . lorati
Calculate & | i | ClLyim & MBC > acceleration
| information o, database: trim | database: & Atrim, | response
Guidance ay>e - Qtrim CLuin
|

I

Figure 18: Trimmed conditions block diagram

The flight altitude, Mach number, and trimmed acceleration command are used as
inputs to model the airframe’s acceleration response. The altitude, Mach number, and
trimmed acceleration command are used as inputs to the database returning the first-order
acceleration response time delay constant 7, described in subsection 3.4. The airframe’s ac-
celeration response is modelled through the implementation of a first-order transfer func-
tion, in which the 7 is updated at every timestep. The resulting acceleration response has
an associated drag value through the consultation of the aerodynamic database. The drag
force is translated to an acceleration and both the achieved trimmed acceleration response
and deceleration due to drag are passed on to the dynamics and kinematics section.
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Figure 19: Airframe response block diagram

In the dynamics and kinematics section, the achieved trimmed acceleration response
and acceleration vector resulting from drag are first translated from their values with re-
spect to the velocity vector into the LCIC frame. The quaternion transformation matrix be-
tween the MBC frame (which is aligned with the velocity frame) and the LCIC frame is used
to this extent, resulting in a 'total aerodynamic acceleration vector’. The airframe’s aerody-
namic acceleration vector is added to the thrust- and gravity acceleration vectors, resulting
in the total interceptor acceleration in the LCIC frame at the given timestep. Finally, the
total interceptor acceleration is integrated forward in time, resulting in the velocity and
position vectors in the LCIC frame, completing the Simulink loop. The Simulink loop is it-
erated until a successful intercept occurs or termination conditions are met.

[ Dynamics and kinematics

Engagement
geometry

f _MBC -MBC Quaternion ~LCIC
Airframe I Ytrimaen YDrag | matrix: Calculate | “aerotot
acceleration : — _rcIc _LCIC ~LCIC
response | _LCIC T Aing L0 U | Zin R
Qgero,tot — g Add i — = = a8
| m’ S S | _rere |
int

[ Interceptor J |
| information |

Figure 20: Kinematics block diagram
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2.10. Verification of Simulink model

The Simulink model is verified to ensure no modelling errors have been made. The imple-
mentation of the kinematic equations, static aerodynamics coefficients, proportional nav-
igation, and transformation matrices were verified by comparing the base Simulink model
to the thesis supervisor’s own interceptor model. The final Simulink model implements
many new functionalities that are central to this thesis, including, but not limited to, Kappa
midcourse guidance, the airframe’s delayed acceleration response, time-varying airframe
mass and time-varying aerodynamic coefficients. Therefore, not all final functionalities
were verified.

2.10.1. Simulink model verification

Using airframe- and aerodynamic data for the AIM-7 Sparrow provided by the thesis su-
pervisor, simulations were run in both Simulink models. To initiate the simulation, Table 2
and Table 3 present the initial conditions of the target and AIM-7 Sparrow, respectively:

10000 m Southward
Initial position 10000 m Westward
50 m Altitude
Initial Velocity 200 m/s
Initial Heading 30 deg (North-West)
Initial Ground angle | 25 deg (upwards)

Table 2: Verification setup: Initial target state

Initial altitude 3000 m

Initial Velocity 275m/s

Initial Direction Towards target initial position
Guidance mode Proportional Navigation
Guidance turns on after 1 second

Proportional Navigation gain N’ | 3

Gravity compensation Yes: N’/2

Table 3: Verification setup: AIM-7 Sparrow initial state

The simulation results, including intercept location, time-to-intercept, interceptor ve-
locity, and interceptor attitude at intercept are presented in Table 4. The positional error
at intercept does not exceed 0.06%, the time-to-intercept error is 0.11%, the interceptor
velocity at intercept is 0.07%, and the attitude at intercept error is 5.0%. The intercep-
tions are visualized in Figure 21. The models use different models to visualize the results,
but Figure 21 presents the reader with a qualitative visualization of the great similarities
between both interception geometries. Though independently developed, the results of
the Simulink models were nearly identical. This verifies the correct working of the base
Simulink model, after which the additional functionalities were added.
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Parameter Author’s results | Supervisor’s results | Error (%)
-4952.4 N -4949.3X 0.06
Intercept location -9558.4 E -9558.4Y 0
-1407.7 D -1408.4 Z 0.05
Time to intercept 17.485 17.497 0.11
Interceptor velocity at intercept | 557.855 m/s 557.336 m/s 0.07
Interceptor attitude at intercept | -13.429 deg -14.138 deg 5.01

Table 4: Verification of base Simulink model: Comparison of interception results between thesis supervisor
and author

cross ange [km]

kS
downrange [km]

(a) Dr. Savelsberg’s intercept geometry (b) Author’s intercept geometry

Figure 21: Visualization of verification of base Simulink model: AIM-7 Sparrow intercepting a flying target

2.10.2. Standard Missile-2 performance verification

The full Simulink model and SM-2 interceptor information were verified by constructing
flyout tables and comparing the found maximum range, burnout Mach number, and ser-
vice ceiling to the information found in the public literature. Repeating the information
found in the introduction section, the Standard Missile-2 Block IIIA has a maximum range
of 167 km, a burnout Mach number of 3.0 to 3.5, and a service ceiling of 20km [1] [35].
The flyout table for Kappa guidance with no specified intercept angle, found in Figure 37,
confirms the found sea-level adjusted burnout Mach number of 3.8 and service ceiling of
20 km to 25 km are comparable to the values found in the public literature. However, the
maximum ground range of 83 km is short of the publicly reported range of 167 km.

The Kappa midcourse guidance algorithm was modified to obtain a longer range, by
forcing the interceptor to first fly through the atmosphere at higher altitudes. The modified
Kappa guidance algorithm commands a constant pitch-over acceleration of 3 g for the first
25 seconds of flight, after which 'normal’ Kappa guidance is activated. The resulting max-
imum range against sea-skimming targets increased to 173 km, very closely aligning with
the publicly disclosed maximum range of 167 km.
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3. Interceptor Modelling and threat descrip-
tions

To properly analyse the SM-2’s kinematic performance and simulate engagements of in-
coming threats, the interceptor and threats must be modelled in sufficient detail. The
SM-2’s MK104 Dual-Thrust Rocket Motor, internal and external body geometry, wing and
tail fin geometry, actuators, time-varying mass, time-varying centre of gravity, and time-
varying pitching moment of inertia are described in this section. Subsequently, an aero-
dynamic database of the SM-2 is constructed using Missile DATCOM98 and the SM-2’s au-
topilot and acceleration response to a commanded acceleration are described. Finally, the
threats described in the introduction of this report are described and quantified in order to
properly simulate interception scenarios.

3.1. Interceptor Properties

Public information on the Standard Missile-2’s general and geometric properties is suffi-
cient to allow for reasonably detailed and accurate modeling. The SM-2 Block IIIA has a
length of 4.72m, a diameter of 0.343m, a mass of 706.7kg, and uses the MK104 MOD1 Dual-
Thrust Rocket Motor (DTRM) for propulsion [1], [37], [35], [38] .

3.1.1. MK104 DTRM and propellant properties

Janes Naval Weapon Systems Issue 54 from 2011 [35] reports that the SM-2 Block II has a
propellant mass of 381.4kg. In a more recent posting in Janes Naval Weapons from 2017-
2018, it is reported that the SM-2 Block IIIA has a propellant mass of 358kg [1].

Table 5 presents the properties of the MK104 rocket engine that propels the SM-2 (ER)
presented by Shen et al. [39]. For completeness, the information by Shen et al. on the SM-2
(ER)’s additional MK72 booster has also been provided in Table 5, although it should be re-
peated that this report focuses on the SM-2 Block IIIA (Medium Range) without the MK72
booster. The information on the MK104 by Shen et al. seems to be referring to a variant
of the MK104, as the original MK104 engine is a Dual Thrust Rocket Motor, consisting of a
boost phase and a sustain phase. Shen et al.’s reported constant thrust output of 22kN for a
duration of 40 seconds seems too little thrust for too much time. However, considering that
the first stage of the SM-2 ER is the MK72 Booster, it may be reasonable to assume that the
original MK104 has been replaced by a variant that only operates in sustain mode, with the
propellant mass being equal to the original MK104 DTRM. Nevertheless, Shen’s reported
propellant mass of 358.5kg confirms Janes’ SM-2 Block IIIA’s propellant mass of 358kg.

3.1.2. Mass and thrust values used in this report
Both Janes [1] and Shen et al. [39] report a propellant mass of 358kg. Based on the advice of
the supervisor of this report, Dr.ir. Ralph Savelsberg, and considering the MK104 is indeed
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MK72 booster parameter | Value | Unit | MK104 engine parameter | Value | Unit
Booster mass 787.7 | kg Engine mass 567.3 | kg
Propellant mass 474.6 | kg Propellant mass 358.5 | kg
Working time 6 s Working time 40 S
Thrust 174 kN | Thrust 22 kN
Specific impulse 2243 | s Specific impulse 2549 | s

Table 5: MK72 booster and MK104 engine properties of the SM-2 (ER) according to Shen et al. [39]

a Dual-Thrust Rocket Motor, the MK104 DTRM engine properties operating in the boost-
and sustain phases used in this report are presented in Table 6.

Booster Properties | Value | Unit | Sustainer properties | Value | Unit
Propellant mass 160 kg Propellant mass 200 kg
Thrust 138.65 | kN | Thrust 40 kN
Working time 3 s Working time 13 s
Specific impulse 265 S Specific impulse 265 S

Table 6: SM-2 Block ITIA mass and thrust values used in this report

3.1.3. Geometry of SM-2 Block ITIA

Brown and Herman [38] present a detailed report presenting the geometry of the SM-2
Block I and mass properties of all components. The geometry of the Standard Missile-2 is
used to estimate the center of mass and moment of inertia properties of the interceptor.
Appendix A.5 presents Brown and Herman'’s diagrams outlining the missile geometry [38].
The missile described in the report is believed to be an SM-2 Block I because the gap be-
tween the wings and tail fins is shorter than that of modern variants. The missile described
in the report has a total length of 4.03 m and a diameter of 0.343 m [38]. The missile has
a propellant section length of 83.3 cm and holds 124.73 kg of propellant with a density of
1.74383 g/cm? [38].

The SM-2 Block II and block III variants are lengthened from 4.03 to 4.72 meters. This is
externally visible from the increased gap length between the main wings and tail fins. As-
suming the 358kg of propellant as reported by Janes [1] is accurate, the propellant density
has remained the same, and the inner diameter of the propellant section as reported by
Brown and Herman is 0.3306 m, the internal propellant section is lengthened to 239.1 cm.

The rocket motors of the Block II and Block III variants are upgraded from the MK56 to
the MK104 DTRM [1]. Itis assumed that for the MK104 rocket motor, the propellant section
ends at the leading edge of the root of the tail fins to leave sufficient space for the rocket en-
gine nozzle to expand the outflowing combustion gases to supersonic speeds and for space
around the throat to be used for the tail fin actuators. The SM-2 Block IV as presented by
Montoya [40] shows that the propellant section of the Block IV's MK104 MOD2 engine also
ends at the start of the tail fins, with the nozzle taking up the remaining length of the tail
section. The nozzle diameter of the MK56 as found by Brown and Herman is 9.64cm [38].
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Although the MK104 DTRM may have a different nozzle diameter, it is assumed that the
nozzle diameter of the MK104 has remained at 9.64cm.

3.1.4. Geometric model used in this report

The geometric model presented by Brown and Herman (appendix A.5) is used as a starting
point to develop a digital model that can be used to calculate aerodynamic coefficients in
Missile DATCOM. Figure 22 presents a reproduction of the SM-2 described in the report by
Brown and Herman, including the modification that lengthens the gap between the main
wing and tail fins. The internal propellant section has been been lengthened from 83.3cm
to 235cm and ends at the leading edge of the root of the tail fins. A propellant section length
of 235cm is chosen instead of 239.1cm to keep the starting position of the propellant sec-
tion consistent with Brown and Herman’s report, as well as its end being at the start of the
tail fin, under which the nozzle is located. The geometric specifications of the Standard
Missile-2 Block IIIA are presented in Figure 22.

Antenna and ; Nozzle and
electronics Battery and autopilot Propellant  tajlfin actuators
Warhead |

E B B L e

| | | | | | | P— | |
0 0 400 10 200 250 300 390 400 430 500

Figure 22: Digital reproduction of Brown and Herman’s geometric model of the SM-2 [38]. Includes modifi-
cation that lengthens the gap between the main wing and tail fins to the dimensions of the SM-2 Block I and
Block I series, as well as a lengthened propellant section.

3.1.5. Internal component arrangement

Table 7 presents the axial locations of the start of each subcomponent of the interceptor as
described by Brown and Herman [38]. Note that the starting location of each subcompo-
nent is also the end location of the previous component.

Component name Axial location Length of component (m)
start of component (m)
Antenna and electronics 0.55 0.42
Warhead 0.97 0.58
Battery and autopilot 1.55 0.46
Propellant 2.01 2.35
Nozzle and tailfin actuators 4.36 0.36

Table 7: Axial location of start and length of interceptor components. These values are used to calculate the
interceptor’s center of gravity and moments of inertia [38].
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3.1.6. Main wing and tail fin geometry

The planform and cross-sectional geometry of the main wings and tail fins are discussed in
this section. Using Figure 22 based on Brown and Herman’s report (appendix A.5 [38]) and
open-source photos of the main wing’s cross section (appendix A.6), the main wing and tail
fin planforms and cross-sections are described in Figure 23, Table 8, Figure 24, and Table 9.
The variables and values found in Table 8 and Table 9 correspond to the inputs of the Mis-
sile DATCOM98 input file. Due to inherent geometric limitations of Missile DATCOM98,
the main wing strake is given a small sweep angle in the input file. Ideally, the radial lo-
cation of the third Leading Edge location, SSPAN3 in Figure 23, should coincide with the
radial location of the second Leading Edge, SSPAN2.

Both the main wing and tail fin planform measurements were taken from Brown and
Herman [38]. The main wing’s cross sectional values at the four stations were estimated
using Figure 55 and Figure 56 in subsection A.6. The tail fin cross-sectional geometry could
not be estimated accurately. An iterative method was applied to find a hexagonal cross-
sectional geometry that improved the lift-to-drag ratio compared to the standard Missile
DATCOMS98 cross-sectional geometry. Figure 24 and Table 9 presents the planform and
cross-sectional geometry chosen for the Missile DATCOM98 inputs.
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Figure 23: Main wing planform and cross-sectional geometry used in this report

DATCOM input variable Value Unit
XLE1, XLE2, XLE3, XLE4 1.4793, 1.5521, 2.1881, 2.2677 | (m)
SSPANT1, SSPAN2, SSPAN3, SSPAN4 0.0, 0.045, 0.055, 0.136 (% chord)
CHORD1, CHORD2, CHORD3, CHORD4 2.1515, 2.0387, 1.3876, 1.2270 | (m)
LMAXU1, LMAXU2, LMAXU3, LMAXU4 0.04, 0.04, 0.04, 0.04 (% chord)
ZUPPER1, ZUPPER2, ZUPPERS, ZUPPER4 | 0.019, 0.009, 0.0125, 0.007 (% chord)
LFLATUI, LFLATU2, LFLATUS3, LFLATU4 | 0.92, 0.92, 0.92, 0.92 (% chord)

Table 8: Planform and cross-section descriptions of main wings used in this report
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Figure 24: Tail fin planform and cross-sectional geometry used in this report

DATCOM input variable Value Unit
XLE1, XLE2, XLE3 4.3560, 4.4596, 4.4996 | (m)
SSPAN1, SSPAN2, SSPAN3 0.0, 0.266, 0.3684 (% chord)
CHORD1, CHORD2, CHORD3 | 0.3640, 0.1667, 0.0 (m)
LMAXU1, LMAXU2, LMAXU3 0.3,0.3,0.3 (% chord)
ZUPPERI1, ZUPPER2, ZUPPER3 | 0.025, 0.020, 0.020 (% chord)
LFLATU1, LFLATU2, LFLATU3 | 0.4,0.4,0.4 (% chord)

Table 9: Planform and cross-section descriptions of tail fins used in this report

3.1.7. Actuator properties

Tail-controlled interceptors respond to acceleration commands by deflecting the tail fins,
resulting in the interceptor obtaining the required (trimmed) angle of attack after some
delay. To accurately model the interceptor’s acceleration response to a commanded accel-
eration signal, the tail fins must be modeled in sufficient detail.

Goldshine and Lacy [41] present a detailed paper outlining the high-response elec-
tromechanical control actuator in use by the Standard Missile family in 1968. It is expected
that since 1968, improvements have been made to the electromechanical control actua-
tors. However, as only the 'external’ behaviour of the control actuator, e.g. the tail rate
and damping is modeled, not the internal behaviour and control loops, the findings of
Goldshine and Lacy’s report are still used to approximate the actuator behaviour in sub-
section 3.4. Figure 25 presents an overview of the actuators used in the Standard Missile
family of interceptors as presented by Goldshine and Lacy [41]. Table 10 presents the con-
trol actuator properties that are used to model the actuator response from commanded
control surface deflection to actual control surface deflection as a second-order transfer
function in the SIMULINK model [41].

37



Parameter Requirement
Maximum deflection angle + 50 deg
Transport delay time (from applied control signal
to actuator reversal at full rate)

No-load tail rate 200 + 50 deg/s
Load sensitivity (tail drift rate/in.-1b of applied
external hinge moment)

3+1ms

0.05 deg/s/in.-1b

Table 10: Standard Missile-2 electromechanical control actuator properties [41]
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Figure 25: Electromechanical control actuator used in the Standard Missile family. Source: Goldshine and
Lacy [41]
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3.2. Interceptor Mass, Center of Gravity, and Moments
of Inertia

During the initial boost and sustain phase, the propellant, which accounts for more than
half of the interceptor’s starting mass, is burned up. The center of gravity shifts forward and
the moments of inertia change significantly. These non-trivial effects must be taken into
account explicitly when modeling the kinematics of the Standard Missile-2 Block IIIA.

3.2.1. Modelling interceptor mass over time

The Standard Missile-2’s mass is modeled as a function of time while the MK104 boost-
sustain engine fires. Strickland models an interceptor’s instantaneous mass as a function
of the specific impulse and produced thrust according to [42]:

Thurnout
m(t) = mg— fo Fpdt, (34)

Isp 8o

where my is the interceptor’s mass as t = 0, I, is the specific impulse, gy is the gravita-
tional acceleration at sea level, and F), is the produced thrust. I, is defined as:

Isp =—-——. (35)

Modifying Equation 34 slightly to model the interceptor mass as a function of the empty
mass and propellant mass results in:

ML) = Mempry + Mp(0), (36)

where m,, is the propellant mass, modeled as:

Thurnout

Isp 8o

where F), varies between the boost and sustain phases following Table 6. The simulated
propellant mass as a function of time thus becomes:
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_ 1 Lend,boost
my(t) =mp,— v Jo Fp boost A, Boost phase

< mp (t) 1 tend‘susn”'n prsus[aind t, Sustain phase (38)

= Mpsiars,sustain ~ Ispgo Y tend,boost

mpy(t) =0, Unpowered flight

Using the SM-2 Block IITA’'s mass- and thrust values as described in Table 6, Figure 26
presents the resulting interceptor mass as a function of time. Table 11 lists the values in
table format.
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Figure 26: Standard Missile-2 Block IIIA mass over time. Time is shown until t = 20s. At t = 0s, the interceptor

hasa

mass of 706kg. At t = 3s, the interceptor’s mass is 546kg. At t = 16s, the MK104 DTRM burns out and the

interceptor’s mass remains constant at 346kg.

Timestep Interceptor mass (kg) | Propellant mass (kg)

t=0 s (start boost) 706 360

t=3s (end boost phase) 546 200

t=16s (end sustain phase) 346 0
Table 11: Interceptor and propellant mass at start of boost phase, end of boost phase, and end of sustain
phase
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3.2.2. Modelling interceptor center of gravity over time

The center of gravity shifts over time as the propellant is burned through. The propellant is
modeled to burn radially from the centerline outwards. Thus, the axial center of gravity of
the propellant section does not shift over time. The center of gravity of the propellant does
not coincide with the center of gravity of the empty interceptor. Thus, the time-varying
center of gravity of the whole interceptor is a function of the centers of gravity of each com-
ponent, as expressed by:

> m;(1t) - Xcg;

(39)
> Xca;

Xcg(t) =

where X¢(?) is the interceptor’s center of gravity, m;(t) is the (time-varying) mass of
each component and Xcg, is the center of gravity position of each component, where Ta-
ble 12 expresses the values of m and X¢¢ for each interceptor component:

Component name Mass (kg) | Xcg
Front section 277.56 1.28
Rear section 68.44 4.54

Propellant sectionatt=0s 360 3.185
Propellant sectionatt=3s 200 3.185
Propellant section at t = 16 0 3.185

Table 12: Mass and center of gravity position for each of the Standard Missile-2 Block IIIA’'s components. Front
section is from the antenna to the autopilot. Rear section consists of the nozzle and tailfin actuators.

Applying the values found in Table 12 to Equation 39, the Standard Missile-2 Block ITIA’s

center of gravity is calculated at each timestep. Figure 27 presents the resulting center of
gravity of the SM-2 Blk. IIIA as a function of time:

Standard Missile-2 Block IlIA axial center of gravity position over time

N SN
N W s

Axial position c.g. [m]

N
[N

Time [s]

Figure 27: Center of gravity position of the Standard Missile-2 Block IIIA over time
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Figure 28 visually presents the results in relation to the missile geometry and Table 13
presents the results in table format.

Antenna and ; Nozzle and
eleclronics Battery and autopilot Propgllant tailfin actuators
Warhead I
|
------------------------------ +0 L ORRR ST R P rTRPRPES [ORRTRRITIRE SOPRRI
| | | ' | | T
0 50 100 1%0 200 2%0 300 3%0 4(1)0 4%0 5&0
XCGEWLpty XCGboost,end

XCG boost,start XCGpropellant

Figure 28: Center of gravity position of propellant, at start and end of boost phase, and of empty interceptor

Property Value (m)
XCGpropellant 3.185
XCGboost,smrt (t=05s) 2.568
XCGhopstena (t=3'9) 2.387
XCGompry (t=165) | 1.925

Table 13: Center of gravity position of propellant, at start and end of boost phase, and of empty interceptor

3.2.3. Modelling pitch and yaw moments of inertia over time

The moments of inertia about the interceptor’s shifting center of gravity in the pitch- and
yaw planes are found by adding the contributions of each of the interceptor’s components,
mathematically expressed as:

Lycao0 (D) = Lo 1o () = Y Iy i+ mi - (Xeg(8) — XCG,i(t))2 (40)

where Iy, (f) and I, (t) are the interceptor’s time-varying total moments of in-
ertia about the Y-, and Z-axes originating from the (time-varying) center of gravity of the
interceptor. Because the interceptor is symmetric, Iy ,,, and I ,,,, are the equal. I, ; is
each component’s pitching moment of inertia about its own center of gravity, m; is each
component’s mass, Xcg(?) is the interceptor’s time-varying center of gravity, and Xcg,; is
each component’s (time-varying) center of gravity.

Assuming each of the interceptor’s components are modeled as a solid cylinder whose
diameter is equal to the interceptor’s diameter, the pitching moment of inertia of each
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of the interceptor’s components is calculated using the standard mechanics of materials
equation for solid cylinders:

1 1
Iy,i = —I’)’liD2 + —m,—L?,

16 12

(41)

where m; is the component’s mass found in Table 12, D is the interceptor’s outer diam-
eter, and L; is the component’s length found in Table 7.

Given the propellant burns radially, the propellant section is modeled as an annular
cylinder whose pitching moment is calculated using:

Iy,propellant =

mp (1) (D2

(1) + D?

inner,p

outer

Uﬂ+mﬂ0%

16

M

(42)

in which m,(#) is the propellant’s time-varying mass, D,y:.r is the interceptor’s outer
diameter, L, is the propellant section length, and D; . is the propellant’s inner diameter,

calculated using:

Dinner,p(t) = \/D?)uter -

where p,, is the propellant density.

mp(t) 4 1
pp Ly

(43)

Table 14 presents each component’s pitching moment of inertia about its own center of
gravity, the component’s parallel axis theorem moment of inertia contribution to the inter-
ceptor’s time-varying center of gravity, and the resulting total pitching moment of inertia
about the interceptor’s time-varying center of gravity:

I CG I CG I CG

Component (kgIIJI/; iA 2) i (Xc(ligr)n-/\);)cai O] 4 ty= 0s | at ty= 3s | at tJ; 16s

(kgmA2) | (kgmA2) | (kgmA2)
Front section 51.35 460.10 511.45 391.24 166.82
Rear section 2.56 266.28 268.84 319.92 470.56
Propellantatt=0s 72.96 137.27 210.23 - -
Propellantatt=3s 41.14 127.49 - 168.63 -
Propellantatt=16s 0 0 - - 0

Table 14: Pitching moment of inertia of each component, parallel axis theorem moment of inertia contribu-
tions, and total pitching moment of inertia about interceptor’s time-varying center of gravity for each com-

ponent
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The resulting total time-varying moments of inertia about the interceptor’s pitch- and
yaw-axes of the time-varying center of gravity is presented in Figure 29. Table 15 presents
the results in table format.

1100 Standard Missile-2 Block llIA moment of inertia about interceptor Y- and Z-axes
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Figure 29: Moment of inertia about the SM-2 Block I1IA’s Y- and Z-axes, Iy ,,, and I,

ZCG,tot

Timestep I Ycg,tot (kgmz) I ZcG,tot (kgmz)
Start boost phase (t=0s) 990.51 990.51
End boost phase (t=3s) 879.79 879.79
End sustain phase (t=16s) 637.38 637.38

Table 15: Moments of inertia about the SM-2 Block IIIA’s center of gravity at the start of the boost phase, end
of the boost phase, and end of the sustain phase
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3.3. Aerodynamic Analysis

In this subsection, the Standard Missile-2’s aerodynamics are analysed. To properly simu-
late the SM-2’s flyout behaviour, an aerodynamic database is developed that presents for
any combination of centre of gravity location, Mach number, and trimmed angle of attack
the trimmed tailfin deflection angle 6, lift coefficient C;, and drag coefficient Cp. Missile
DATCOMS98, a semi-empirical aeroprediction software developed for the United States Air
Force, is used to construct this aerodynamic database.

3.3.1. Trimmed conditions Free Body Diagram

Figure 30 presents a Free Body Diagram of the Standard Missile-2 flying at trimmed condi-
tions. In this report, the definition of 'trimmed conditions’ is that the interceptor achieves
a constant acceleration perpendicular to the current velocity vector, with the sum of all
(aerodynamic) moments acting on the airframe adding up to zero. in Figure 30, the inter-
ceptor flies at a certain vertical flight path angle y, angle of attack @, and body pitch angle 6.
The lift- and drag forces are modeled to originate from the centres of pressure of the main
body and the tail fins. The centre of pressure of the main body shifts axially for varying
Mach numbers and angles of attack. For each combination of centre of gravity location,
Mach number, and angle of attack, the tailfin deflection angle required to achieve a net-
zero moment about the interceptor’s centre of gravity, d,i,,», and associated aerodynamic
forces, Crsrim and Cp,,,, , are calculated.

Velocity
vector

Horizon

Figure 30: SM2 Free Body Diagram

3.3.2. Trimmed Aerodynamic Coefficient Database

Figure 31 to Figure 33 present the trimmed tailfin deflection angle 6,5, lift coefficient
Cr,,;,» and drag coefficient Cp,,, . for combinations of Mach number and a,,;;, at centre
of gravity locations of Xcg = 1.925 m, 2.387 m, and 2.567 m, respectively. The centre of
gravity location of Xc¢ = 1.925 m corresponds to the empty interceptor’s centre of gravity
location and Xcg = 2.568 m and X¢g = 2.387 m correspond to the centres of gravity at the
start and end of the boost phase.
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In the upper-left subfigure of Figure 31, the trimmed tailfin deflection angle, 6 ;,;,, be-
comes increasingly negative with an increase in angle of attack at each Mach number. As
the main body experiences an increasingly stronger lift force at higher angles of attack, an
increasingly stronger resulting restorative pitching moment tries to push the SM-2’s nose
back down. To keep the SM-2 flying at the desired trimmed angle of attack, the tailfins need
to generate an increasingly stronger downward lift force to pitch the nose back up. With in-
creasing Mach numbers, the maximum achievable trimmed angle of attack decreases.

The trimmed lift- and drag coefficients are presented in the upper-right and lower-left
subfigures. A near-linear trend between the angle of attack and trimmed lift coefficient is
observed, up to an angle of attack of a;r;; = 25 degrees. Beyond 25 degrees, the lift co-
efficients first increase more strongly, before flattening off. These effects are most likely
explained due to Missile DATCOM98 switching to a different solution strategy for a > 25°
and are thus likely not the result of real-world aerodynamic effects. The maximum lift co-
efficientis Cy,,,,, = 12.35 at an angle of attack of a,;, = 48 degrees and a Mach number of
Ma = 1.0. The drag coefficient increases exponentially with an increase in angle of attack
at every Mach number, as is expected.

The lower-right subfigure presents the L/D ratio at combinations of trimmed angle of
attack and Mach number. It is immediately clear that at Mach numbers of Ma = 1.0 and
Ma = 1.5, the maximum L/D ratio is lower than at subsonic and high-supersonic Mach
numbers. The interceptor achieves a maximum L/D ratio of 2.9 at an angle of attack of
a:rim = 10 degrees at a Mach number of Ma = 4.25. The lowest maximum L/D ratio is 2.2
at an angle of attack of a;;, = 16 degrees and a Mach number of Ma = 1.5.

2 ~ 18
A0+
A5
20+
25+
30+
35+
40+
45+
-50

[[—M=05
—M=10
14 M=15
—M=25

deltatrim (deg}

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
alphatrim (deg) alphatrim (deg)

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
alphatrim (deg) alphatrim (deg)

Figure 31: Trimmed tailfin deflection angle §,; and trimmed aerodynamic coefficients Cz,,,,., Cp,,,,,» and
L/D ratio for Xcg =1.925m

Figure 32 presents the trimmed tailfin deflection angle, lift coefficient, drag coefficient,
and L/D ratio at combinations of angle of attack and Mach number for a centre of grav-
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ity position of Xcg = 2.387 m. In the upper-left subfigure, it becomes immediately clear
that the tailfin deflection angle does not monotonously decrease with an increase in an-
gle of attack. For Mach numbers of Ma = 2.5 and higher, the trimmed tailfin deflection
angle is positive up to a;r;i;m = 35 to 40 degrees, indicating that for these conditions, the
centre of pressure of the main body lies in front of the centre of gravity of X¢g = 2.387 m.
The interceptor is statically unstable and the tailfins need to actively work to keep the nose
pushed down. At larger angles of attack, the tailfin deflection angles become negative at
all Mach numbers, except at Ma = 0.5. The excessive 'up-and-down’ behaviour of the re-
quired trimmed tailfin deflection angle as a function of angle of attack at Ma = 0.5 shows
the inherent solver limitations of Missile DATCOM98. At each Mach number, the SM-2
can be successfully trimmed at angles of attack up to a;;;; = 48 degrees, with the required
trimmed tailfin deflection angle not exceeding 6 i, = plus minus 20 degrees.

The trimmed lift coefficients are plotted in the upper-right subfigure. The maximum lift
coefficient has increased to Cr,,,, = 17.45 at an angle of attack of a;,;,, = 48 degrees and a
Mach number of Ma = 1.5. Because the tailfins need to provide less downward lift to gener-
ate a pitch-up moment as the centres of pressure and centre of gravity are positioned closer
together than for X¢g = 1.925 m, the airframe is aerodynamically more efficient. Again, the
drag coefficient increases exponentially with the angle of attack, as is expected.

The lift-to-drag ratio L/D is plotted in the lower-right subfigure. The maximum L/D
ratio has increased to 3.1 at an angle of attack of a;;,, = 12 degrees at a Mach number of
Ma =0.5 and at an angle of attack of & ,;,,;, = 10 degrees at a Mach number of Ma = 4.25. At
Mach numbers of 1.0 and 1.5, a reduction in aerodynamic efficiency can still be observed,
with the lowest maximum L/D ratio being 2.4 at an angle of attack of a;,;;,; = 14 degrees
and a Mach number of Ma =1.5.
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Figure 32: Trimmed tailfin deflection angle 6,5, and trimmed aerodynamic coefficients Cz,,,,., Cp,,;,,» and
L/D ratio for X¢g =2.387 m

47



Figure 33 presents the trimmed aerodynamic conditions for combinations of trimmed
angle of attack and Mach number at a centre of gravity location of X¢g =2.568 m. Consider-
ing the centre of gravity is positioned even further aft than at X¢g =2.387, the required 6 4,
to achieve trimmed conditions is also more positive. The SM-2 is statically more unstable
than at X¢cg = 2.568 m. At a Mach number of Ma = 0.5, the maximum achievable trimmed
angle of attack is ar;, = 24 degrees. This, however, is not a problem, as the only moment
in time that the SM-2 has a centre of gravity position close to Xcg = 2.568, it is still in the
vertical boost phase before midcourse guidance is turned on and has no angle of attack yet.

In the upper-right subfigure, the maximum lift coefficient has increased to Cy,,,, =
18.75 at an angle of attack of a;;;;; = 48 degrees and a Mach number of Ma = 1.0. The
maximum lift-to-drag coefficient in the lower-right subfigure is 3.1 at an angle of attack of
a:rim = 10 degrees and a Mach number of Ma = 0.5.
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Figure 33: Trimmed tailfin deflection angle §,;, and trimmed aerodynamic coefficients Cz,,,,., Cp,,,,,» and
L/D ratio for X¢g =2.568 m
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3.4. Autopilot Design

The autopilot is part of the guidance loop seen in Figure 8. The autopilot translates acceler-
ation commands generated by the guidance law into control surface deflections based on
desired flight characteristics.

In this thesis, the autopilot is indirectly implemented in the Simulink model. As de-
scribed in subsection 2.9, the "autopilot and acceleration response" section uses as inputs
the flight altitude, Mach number, and total acceleration command and returns the first-
order time-delay constant 7. Using the first-order time-delay constant 7, the airframe’s
response to the acceleration commands is modeled. To achieve this, a database is con-
structed that returns this time-delay constant 7 for any combination of altitude, Mach
number, and acceleration command for altitudes between 0 m and 40000 m, Mach num-
bers between 0.25 and 5.0, and acceleration commands from 0 g to 45 g. This section ex-
plains how the autopilot is modeled and how the first-order time-delay database is con-
structed.

The Standard Missile-2’s autopilot in this thesis is designed as a three-loop autopilot
and follows the design procedure found in Zarchan’s book [32]. The acceleration com-
mands of both the horizontal and vertical manoeuvre planes are added together, resulting
in a 'total acceleration command’. To achieve this acceleration command, the interceptor
has to fly at trimmed conditions in the direction of the total acceleration command. In case
the commanded acceleration exceeds the maximum achievable acceleration command at
Qtrimmax, the commanded acceleration is limited to what can be achieved at & ;im,max-
The pitch behaviour of the interceptor in the direction of the total acceleration command
is modeled using three-loop autopilot described in this section. Because the kinematic
model used in this report is a modified point mass model with no aerodynamic cross cou-
pling, no aerodynamic roll moments are generated. The autopilot is thus limited to the
pitch channel.

Zarchan implements an analytical approach to obtain the airframe’s aerodynamic coef-
ficients and their derivatives with respect to @ and 6. In this report, Zarchan’s analytical val-
ues for Cy,,;,,, CMm, @¢rim> Otrim» Cn,» Cng, Cum,, and Cyy, are replaced by the aerodynamic
derivative database resulting from Missile DATCOM 98, as described in subsection 3.3.

3.4.1. Three-loop autopilot

Three-loop autopilots use two feedback loops to feed back the pitch rate  and the air-
frame acceleration n,.j,. Figure 34 presents the autopilot with airframe response transfer
functions as described by Zarchan [32]. The acceleration command 7, is the input of the
system and the output is the achieved acceleration n,.,. This model assumes that the air-
frame aerodynamics are represented by transfer functions based on the interceptor’s aero-
dynamic coefficients and their derivatives; Cy,,,,., Cm, Cn,, Cpm,, Cn;, and Cy; at a given
a:rim and 6 ¢rim, which are obtained from the aerodynamic database presented in subsec-
tion 3.3.
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Figure 34: Three-loop autopilot block diagram. Author-made copy of original figure found in Zarchan [32].
Includes transfer function for actuator response.

3.4.2. Calculating autopilot gains Kpc, K4, wr, and Kp

The three-loop autopilot model in Figure 34, together with the interceptor’s aerodynamic
coefficients and their derivatives with respect to a and 6 at a;r;;; and 6 i, and the inter-
ceptor’s mass and moment of inertia are used to calculate the autopilot gains Kp¢, K, 0y,
and Kp and to represent the airframe dynamics through transfer functions.

The procedure to calculate the three-loop autopilot gains is presented in Equation 44
to Equation 59 [32]. The procedure is a synthesis of the algebraic manipulations found in
chapters 22 and 23 of Zarchan’s book and serves as a straight-to-the-point set of equations
that, when implemented and calculated in the correct order, results in the autopilot gains.

For this procedure, it is assumed the aerodynamic force- and moment coefficient deriva-
tives are represented by subsection 3.3. First, the airframe zero w,, the aerodynamic accel-
eration gain Kj, the aerodynamic body rate gain K3, the turning rate constant T, and the
airframe’s natural frequency w 4 and damping { 4r are calculated using [32]:

M,Ns—MsN, 1
w, = aiVo o a L (44)
1 MyNgs— MsN,
Kl:__ alVo 0iVa (45)
m M,
K
K= —- (46)
Vm
M
Ty = mViy J (47)
MaNé_M6Noc
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Wap =) ——2% 48

AF I, (48)
Nogwar 1

(ap=—A0. 7 (49)
oM, mVy

The intermediary values w, wg, (o, and Kj are calculated as shown in Equation 50 to
Equation 53 [32]:

[‘L’(UCR (1 + —ZCAF‘”AF) - 1]

WCR
w= 50
(2¢7) (0
w @ (51)
" VTock
2
w
(o=05w¢ | —+T17— AF2 (52)
a)CRwO

—w?
Ko=— (53)

AF

The second set of intermediary values, K¢ and K, are now calculated using Equation 54
and Equation 55 [32]:

g
- (uT%) —1+2{owo Ty,
Kc = — 53 (54)
1 ZCQona +(1)0Ta

Ko
K=—— (55)
Ki(1+K¢)
Finally, the autopilot gains Kp¢, K4, w;, and Ky are calculated [32]:
KDC =1+ KC (56)
K3
Ka= (57)
KckKy
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1+Kc+—
K
Kp = (59)
KA(U[

3.4.3. Example airframe acceleration response graph

Figure 35 presents the interceptor’s acceleration response to a 10g step-command at a flight
speed of Mach 1.5 at an altitude of 5.0km. After 0.1318 seconds, the achieved acceleration
response, visualized by the blue line, reaches 63% of the commanded acceleration. In the
kinematic simulation, the airframe’s acceleration response for this specific example is thus
modeled as a first-order transfer function with a time-constant 7 value of 0.1318 seconds.
Similar simulations are run for any combination of altitude, Mach number, and accelera-
tion command, the resulting value of 7 is stored in the database.

SM-2 Block IlIlA acceleration response:
10g step-command at Mach 1.5 and 5000m altitude

10 —
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——Modeled first order response

8l - - -63% of acceleration command
] Sekeedebutet ol folulululls dululaluiatatols sintsielellalaled dafalalaisteisiel nlalellalutatats lsfeleistelslelel dalsiatatsialeloh inlstsislsilalals fslatalalstetels
=
c
S
©
8 4T
[45]
Q
[&]
(0]
B 2r
>
[05]
8
(@]
<9

_2 =

4 | | | | | | | | | |

0 0.1 0.2 0.3 0.4 05 06 07 08 09 1

Time (s)

Figure 35: Acceleration response to a 10g step-command at an altitude of 5.0km and a speed of Mach 1.5.
After 0.1318 seconds, the second-order response signal has reached 63% of the commanded value.
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3.5. Threat descriptions

In the introduction, three threat types have been discussed: 1) Low and slow flying drones,
2) Low and fast flying Anti-Ship Cruise Missiles, and 3) High and fast flying targets. The
Samad-2 and C-802 "Al-Mandab 2" are chosen as the "low and slow" and "low and fast"
threats, respectively, due to their great relevance to the Houthi threat in the Red Sea. Ad-
ditionally, the AS-5 "Kelt" is chosen to model a fast-flying, high-altitude target to develop
engagement envelopes against.

3.5.1. Threat 1: Samad-2

The supervisor of this thesis, Dr. Savelsberg, together with Dr. Voskuijl and T. Dekkers, per-
formed a flight performance analysis of the Samad-2 in the context of Houthi strikes against
Saudi targets [43]. The Samad-2 has a ground cruise speed of 75 knots [43], translating to
38.5 meters per second and has a terrain-following cruising altitude of 250 meters [43]. The
screenshot of the video of the French armed forces taking out a Houthi Samad-2 in the Red
Sea in the introduction section of this report (Figure 4) shows the Samad-2 flying close to
the surface, at an altitude much lower than 250 meters. Perhaps the drone was in its final
phase of attack (the video insinuates the Samad-2 being close to impacting a commercial
ship), and therefore flew close to the surface.

Two flight scenario’s are created for the Samad-2 and shall be:
1. A cruise altitude of 10 meters and a velocity of 38.5 meters per second.

2. A cruise altitude of 250 meters and a velocity of 38.5 meters per second.

3.5.2. Threat 2: C-802 "Ghadir/Al-Mandab 2"

As discussed in the introduction section, the Anti-Ship Cruise Missile arsenal of the Houthi’s
consist of the "Noor" and "Ghadir"/"Al-Mandab 2" versions of the C-802 ASCM with ranges
of 120km and 300km, respectively, as well as the "Sayyad" and "Quds Z-0" Anti-Ship ver-
sions of the Quds-1 LACM with ranges of 800km. The C-802 family of cruise missiles have
a maximum velocity of Mach 0.9 and fly at a cruise altitude of 25 metres [7], [8]. The Quds
family of cruise missiles fly at a slower speed of 735 km/h [7], translated to 204m/s, or Mach
0.6. It is therefore decided to use the Ghadir/Al-Mandab 2 versions of the C-802 cruise mis-
sile to model the Anti-Ship Cruise Missile threat, as encountering this missile type would
be the "worst-case scenario” between the two cruise missile types.

The flight scenario for the C-802 Al-Mandab 2 shall be:
3. A cruise altitude of 25 meters and a velocity of 306 meters per second.
3.5.3. Threat 3: As-5 "Kelt"
The AS-5 "Kelt" is a Soviet-era cruise missile flying at a cruise speed of 1250 kilometers per

hour (347 meters per second) at altitudes between 1.5 km and 10.0 km and has a maximum
operational range of 220km [19].
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Two flight scenarios are created for the AS-5 "Kelt" and shall be:

4. A cruise altitude of 1500 meters and a velocity of 347 meters per second.

5. A cruise altitude of 10000 meters and a velocity of 347 meters per second.

3.5.4. APAR Radar Horizon against flying targets

In order for a target to be tracked and illuminated by the radar on the ship, the target needs
to be above the radar horizon. It needs to be calculated at what point the target crosses the
radar horizon such that it can be detected, tracked, and illuminated.

The Air Defence and Command Frigates (ADCF’s) of the Royal Netherlands Navy use the
Thales Active Phased Array Radar (APAR) X-Band Multi-function radar with a maximum ef-
fective range of 150km to track and illuminate targets [44]. Targets can only be tracked and
illuminated by the APAR once they are above the radar horizon. Using Figure 57 in ap-
pendix A.7, the APAR’s height is estimated to be 27.25 meters above sea level.

The radar horizon (RH) as a function of radar and target height is given by [45]:

4 4
RH:\/ZgRO-HR+\/2§R0-HT, (60)

where RH is the radar horizon in km, Ry is the Earth’s radius in m, Hp is the radar height

in m, and Hr is the target altitude in m.

Figure 36 presents the resulting radar horizon distance as a function of target altitude,
including results for the Samad-2, Al-Mandab 2, and AS-5 Kelt.

Radar horizon as a function of target altitude
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altitude. Radar height: 27.25m above sea level.
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Table 16 lists each target’s name, flight altitude, and resulting radar horizon distance.

Threat name Flight altitude (m) | Radar horizon (km)
Samad-2 10 34.6
C-802 Al-Mandab 2 25 42.1
Samad-2 250 86.7
AS-5 Kelt 1500 181.7
AS-5 Kelt 10000 433.7

Table 16: Flight altitudes and corresponding radar horizon distances for each threat scenario

55



4. Results

4.1. Flyout Tables and flyout trajectories

In this section, the resulting flyout tables and flyout trajectories of the SM-2 Block IIIA flying
to specified Primary Command Points (PCP’s) are presented. The interceptor is modeled
flying towards each specified PCP using the selected Kappa guidance mode. At intercept,
relevant information such as miss distance, interceptor velocity, Mach number, flight path
angle, and the interceptor’s position over time are saved. Flyout tables are then constructed
presenting the time-to-intercept and interceptor Mach number at the PCP, as well as for
the maximum divert capability and interceptor velocity at the PCP. Additionally, flyout tra-
jectories are presented for multiple PCP’s that intuitively visualize the interceptor’s flyout
behaviour, based on the specified intercept angles.

Flyout tables and flyout trajectories are presented for four Kappa guidance modes, listed
below. From hence onwards, each mode will be referred to by its abbreviated name:

(1) KAP_NORM: Normal Kappa guidance - No specified interception angle at PCP

(2) KAP_NORM_75: Normal Kappa guidance - Specified interception angle at PCP: -75
degrees

(3) KAP_LONG: Long range mode - No specified interception angle at PCP

(4) KAP_LONG_75: Long range mode - Specified interception angle at PCP: -75 degrees

The resulting flyout tables and flyout trajectories for the four Kappa guidance modes are
presented insubsubsection 4.1.1 to subsubsection 4.1.3. Flyout tables and flyout trajecto-
ries for a specified intercept angle of +45 degrees are presented in the appendix (Appendix
A.8), as these results are not directly used for the engagement scenarios in this report.

4.1.1. Flyout tables: Time-to-intercept and Mach number

The time-to-intercept flyout tables, listed from Figure 37 to Figure 40, present the time-to-
intercept and interceptor Mach number at intercept for Primary Command Points at any
combination of downrange distance and altitude, provided the interceptor is kinematically
able to reach the PCP. The resolution of the figures is 1 km by 1km. The black contour lines
denote the time-to-intercept contour lines and the colored surface plot displays the local
Mach number at intercept of the PCP.

Figure 37 presents the time-to-intercept and local Mach number at intercept for the
SM-2 implementing Kappa guidance with no specified intercept angle, mode KAP_NORM.
The interceptor achieves a maximum ground range of 83 km and the minimum engage-
ment distance against sea-skimming targets is 9 km. Due to the figure’s resolution, a max-
imum range of 81 km is visualised at an altitude of 1 km. At altitudes of 15 km to 20 km,
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the maximum service ceiling of most modern fighter jets, the SM-2 has a maximum range
of 62 km. The SM-2’s maximum local burnout velocity, achieved when flying perfectly ver-
tically for the first 16 seconds of flight, is Mach 4.4. This translates to a sea-level adjusted
Mach number of 3.8. The SM-2 is shown to be kinematically able to reach altitudes of 35
km. However, due to the air density at such high altitudes, the interceptor will not be able
to manoeuvre, as is further discussed in subsubsection 4.1.2.

Time-to-intercept and Mach number at PCP intercept
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Figure 37: Time-to-intercept and interceptor Mach number at PCP intercept for Kappa guidance with no
specified intercept angle. Time-to-intercept contour lines are constructed every 5 seconds for time-to-
intercept = [5:50] seconds and every 10 seconds for time-to-intercept = [50:280] seconds.

Figure 38 presents the time-to-intercept and Mach number at intercept flyout table for
KAP_NORM_75. Comparing KAP_NORM_75to KAP_NORM, the maximum range

Time-to-intercept and Mach number at PCP intercept
Kappa guidance - Specified intercept angle: -75 deg
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Figure 38: Time-to-intercept and interceptor Mach number at PCP intercept for Kappa guidance with a spec-
ified intercept angle of -75 degrees. Time-to-intercept contour lines are constructed every 5 seconds for time-
to-intercept = [25:50] seconds and every 10 seconds for time-to-intercept = [50:230] seconds.

against sea-skimming targets is reduced to 73 km, although at altitudes of 10 km to 15 km,
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the maximum range has increased from 62 km to 75 km. The minimum engagement dis-
tance against sea-skimming targets has increased from 9 km to 14 km. The flyout table’s
boundary at the left-hand side of the flyout contour is the result of the guidance algorithm
not yet being able to properly shape the flyout trajectory without unacceptable miss dis-
tances. In the region where KAP_NORM and KAP_NORM_75 both have successful in-
tercepts, the overall Mach number for KAP_NORM_75 is higher. KAP_NORM _75 forces
the SM-2 to remain at higher altitudes throughout its flight, before pitching down and fly-
ing trough the PCP at the desired intercept angle. Overall, the time-to-intercept contour
lines are very similar between KAP_NORM and KAP_NORM_75.

Figure 39 presents the time-to-intercept and Mach number flyout table for KAP_LONG.
Compared to the default flyout table, KAP_ NORM, the maximum range against sea- skim-
ming targets has increased greatly to 173 km. Due to the 1 km by 1 km resolution of the
figure, the maximum displayed range is 169 km against targets at 1 km altitude. At alti-
tudes of 10 km to 20 km, the maximum service ceiling of most modern fighter jets, the
SM-2 has a maximum range of 130 km to 150 km. The minimum intercept distance against
ground targets has increased to 29 kilometers. The constant 3g pitch-over manoeuvre dur-
ing the initial 25 seconds of flight positions the interceptor at an altitude of 18.1 km and a
downrange position of 12.9 km, displayed as the left-most point of the flyout table. During
this pitch-over manoeuvre, the burnout Mach number at 16 seconds is Mach 4.3, trans-
lated to a ground Mach number of 3.7. Comparing the time-to-intercept contour lines of
KAP IONGto KAP_ NORM and KAP NORM 75, KAP_LONG  results in a shorter time-
to-intercept from a downrange distance of 40 km onward at all altitudes. KAP_LONG
greatly increases the Mach number at intercept at all altitudes for downrange distances
greater than 30 km.

Time-to-intercept and Mach number at PCP intercept
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Figure 39: Time-to-intercept and interceptor Mach number at PCP intercept for long range mode Kappa
guidance with no specified intercept angle. Time-to-intercept contour lines are constructed every 5 seconds
for time-to-intercept = [30:50] seconds and every 10 seconds for time-to-intercept = [50:280] seconds. NOTE:
Axis aspect ratio is 2:1.

Figure 40 presents the time-to-intercept and Mach number at intercept flyout table for
KAP_LONG_75. Comparing KAP_LONG_75 to KAP_NORM_75, the maximum range
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against sea-skimming targets has increased from 73 to 141 km. The minimum intercept
range against sea-skimming targets has also increased, from 14 km to 26 km. Similar to
KAP_NORM_75, the upper boundary in Figure 40 is the result of the guidance algorithm
not being able to properly shape the flyout trajectory without unacceptable miss distances.
For downrange distances of 40 km and greater, the time-to-intercept for KAP_LONG_751is
less than KAP_NORM_75 at all altitudes. The long-range mode greatly increases the Mach
number at PCP intercept at all altitudes starting at a downrange distance of 30 km.

Time-to-intercept and Mach number at PCP intercept
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Figure 40: Time-to-intercept and interceptor Mach number at PCP intercept for long range mode Kappa
guidance with a specified intercept angle of -75 degrees. Time-to-intercept contour lines are constructed
every 10 seconds for time-to-intercept = [60:220] seconds. NOTE: Axis aspect ratio is 2:1.

4.1.2. Flyout tables: Remaining divert capability and velocity

The divert capability flyout tables, listed from Figure 41 to Figure 44, present the SM-2’s re-
maining divert capability in g’s and interceptor velocity at PCP intercept. The resolution of
the figures is 1 km by 1 km. The black contour lines denote the remaining divert capability
contour lines and the colored surface plot displays the interceptor velocity at PCP inter-
cept. Divert capability contour lines are given up to 45 g’s, as this is the SM-2’s assumed
maximum allowed acceleration command. The remaining maximum divert capability at
intercept is an important performance metric for guided missiles, as targets may employ
evasive manoeuvres to avoid being intercepted. Therefore, it is important to know not only
if a target can be reached, but how much manoeuvrability the interceptor has left. The in-
terceptor should always have a manoeuvrability advantage over the target.

Figure 41 presents the SM-2’s maximum remaining divert capability and interceptor
velocity at PCP intercept for KAP_NORM. At its maximum range of 83 km, the SM-2 has
a remaining manoeuvrability of 4 g. Non-manoeuvring targets, such as very slow flying
drones that do not have radar warning receivers that initiate evasive manoeuvres) can the-
oretically still be intercepted. Very manoeuvrable, high-value targets, such as fighter jets,
can only be intercepted with a 3:1 divert ratio advantage up to a downrange distance of
20-25 km. Though the SM-2 using KAP_NORM can kinematically reach altitudes of 30-35
km, it only has a remaining divert capability of around 1 g due to the very thin air at such
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high altitudes, notwithstanding a very sluggish acceleration response from the airframe ac-
celeration response section.

Maximum divert capability (in g's) and interceptor velocity at PCP intercept
Kappa guidance - No specified intercept angle
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Figure 41: Maximum divert capability (in g’s) and interceptor velocity at PCP intercept for Kappa guidance
with no specified intercept angle. Maximum divert contour lines are constructed at maximum divert = 1g,
every 2 g's for maximum divert = [2:10], and every 10 g's for maximum divert = [15:45].

Figure 42 presents the remaining divert capability and interceptor velocity at PCP inter-
cept for KAP_NORM_75. Comparing the divert capability contour lines to KAP_NORM,
itis immediately clear that KAP_NORM_75 retains a higher maximum divert capability in
the region where both KAP_NORM and KAP_NORM_75 have successful PCP intercepts.

Maximum divert capability (in g's) and interceptor velocity at PCP intercept
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Figure 42: Maximum divert capability (in g’s) and interceptor velocity at PCP intercept for Kappa guidance
with a specified intercept angle of -75 degrees. Maximum divert contour lines are constructed at maximum
divert = 1g, every 2 g’s for maximum divert = [2:10], and every 10 g's for maximum divert = [15:45].

Against sea-skimming targets, the SM-2 retains a maximum divert capability of more than
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15 g’s up to its maximum engagement distance of 73 km, compared to KAP_NORM'’s max-
imum divert capability against sea-skimming targets falling below 15 g’s after a downrange
distance of 33 km and having a divert capability against sea-skimming targets at 70 km
downrange of only 6 to 8 g’s.

Figure 39 presents the remaining divert capability and interceptor velocity at PCP in-
tercept for KAP_LONG. Besides a significant increase in operational range compared to
KAP_NORM, the SM-2’s remaining divert capability throughout the flyout envelope re-
mains significant below altitudes of 20 km. At its maximum ground range of 173 km, the
SM-2 retains a divert capability of 10 g’s. At an altitude of 10 km, around the service ceilings
of AWACS platforms, such as the Boeing E-3 Sentry or Beriev A-50, the SM-2 retains a di-
vert capability of 14 to 15 g's up to a downrange distance of 150 km. The SM-2 has a divert
capability of around 6 g’s at an altitude of 20 km, reducing to 2 to 4 g’s at an altitude of 25
km. The SM-2 could theoretically intercept non- or barely manoeuvring targets cruising at
25 km altitude out to distances of 100 to 110 km.
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Figure 43: Maximum divert capability (in g’s) and interceptor velocity at PCP intercept for long range mode
Kappa guidance with no specified intercept angle. Maximum divert contour lines are constructed at maxi-
mum divert = 1g, every 2 g’'s for maximum divert = [2:10], and every 10 g's for maximum divert = [15:45].

Figure 44 presents the remaining divert capability and interceptor velocity at PCP inter-
cept for KAP_LONG_75. Starting at a downrange distance of 40km, using KAP_LONG_75
results in the SM-2 retaining a larger divert capability at PCP intercept than KAP_LONG
in the region where both guidance modes result in intercepts. This is due to the shap-
ing of the flyout trajectories, where KAP_LONG_75 keeps the interceptor at higher alti-
tudes before pitching over sharply to fly through the PCP. Up to a ground range of 140 km,
KAP_LONG_75 allows the SM-2 to intercept sea-skimming targets with a remaining divert
capability of at least 25 g’s. At an altitude of 5 km, the SM-2 is able to intercept targets out to
a range of 130 km with at least 30 g’s of remaining divert capability, meaning the intercep-
tor retains a manoeuvrability advantage of more than 3:1 even over highly manoeuvrable
fighter jets. At an altitude of 10 km, the divert capability stays above 20 g’s out to a range of
120 km.
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Maximum divert capability (in g's) and interceptor velocity at PCP intercept
Kappa guidance - Long range mode, specified intercept angle: -75 deg
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Figure 44: Maximum divert capability (in g’s) and interceptor velocity at PCP intercept for long range mode
Kappa guidance with a specified intercept angle of -75 degrees. Maximum divert contour lines are con-
structed at maximum divert = 1g, every 2 g’s for maximum divert = [2:10], and every 10 g's for maximum
divert = [15:45].

4.1.3. Flyout trajectories

The flyout trajectories towards each successfully intercepted Primary Command Point are
saved for each Kappa guidance mode. Flyout trajectories are visualized to present the
reader with an intuitive understanding of how the Standard Missile-2 implementing Kappa
midcourse guidance flies out to intercept its targets.

Figure 45 presents flyout trajectories of the four Kappa guidance modes to a PCP located
at sea level at a downrange distance of 35 kilometers, representing intercept trajectories
against a static target at the APAR’s radar horizon.

Comparison of flyout trajectories between Kappa guidance modes
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Figure 45: Comparison of flyout trajectories for Kappa guidance methods to the PCP located at 0 kilometers
altitude and at a downrange distance of 35 kilometers, representing intercept trajectories against a static sea-
level target at the APAR’s radar horizon.
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Comparing KAP_NORM to KAP_NORM _75, it is clear that after the vertical launch,
KAP_NORM pitches the SM-2 over such that the resulting trajectory is aimed straight at
the target, whereas KAP_NORM_75 keeps the SM-2 at higher altitudes, before sharply
pitching over to intercept the PCP at the desired intercept angle. The two long-range guid-
ance modes first make the interceptor gain significant altitude through the constant 3g
pitch over manoeuvre for the first 25 seconds of flight, before pitching over further to inter-
cept the specified PCP.

Figure 46 presents flyout trajectories of the four Kappa guidance modes to a PCP located
at 10 kilometers altitude and a downrange distance of 60 kilometers, representing intercept
trajectories against a target at 10 km altitude at the maximum range where all four guidance
modes result in a successful intercept. Both KAP_NORM and KAP_LONG aim the inter-
ceptor directly at the PCP, whereas KAP_NORM_75 and KAP_LONG_75 keep the SM-2 at
higher altitudes to achieve the desired intercept angle at intercept of -75 degrees.
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Figure 46: Comparison of flyout trajectories for Kappa guidance methods to the PCP located at 10 kilometers
altitude and at a downrange distance of 60 kilometers, representing intercept trajectories against a high-
altitude
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4.2. Engagement Envelopes

Engagement envelopes are developed for the five threat types discussed in subsection 3.5.
For each threat type, the engagement scenario is listed in Table 17. For each given threat
engagement scenario, the individual targets are modeled to be dispersed over the target’s
respective radar horizon around the launching ship, from a bearing of 90° to 270° with re-
spect to the threat’s starting position in a head-on engagement. Figure 6 in the introduction
presents a visual overview of the initialization of an engagement scenario and how the indi-
vidual threats are dispersed over the radar horizon. The threats are dispersed at an interval
of 1 degree, resulting in a total of 181 interception simulations per engagement scenario.

. Cruise Cruise Kappa guidance
Scenario Threat name Altitude (m) | Speed (m/s) ppm%)l(lle
1 Samad-2 10 38.5 KAP_NORM_75
2 Samad-2 250 38.5 KAP_LONG
3 C-802 Al-Mandab 2 25 306 KAP_NORM_75
4 AS-5 Kelt 1500 347 KAP_LONG_75
5 AS-5 Kelt 10000 347 KAP_LONG

Table 17: Threat name, cruise altitude, cruise speed, and specified intercept angle for each engagement sce-
nario

In each interception simulation, the threat is initiated at its respective starting position
on the radar horizon and flies "downward" (direction 180°). The threat is assumed to be
detected and tracked instantly at the start of the simulation, without measurement errors.
Using the time-to-intercept flyout table associated to the engagement scenario’s specified
Kappa midcourse flyout mode, the Primary Command Point is calculated and the Standard
Missile-2 is launched towards the PCP. At an interceptor-to-target range of 6000 m, the SM-
2 switches to gravity-compensated Proportional Navigation and manoeuvres to establish
an intercept triangle in both manoeuvre planes.

For each individual interception simulation, the position-at-intercept in the LCIC frame
and miss-distance are saved to determine whether the interception was successful or not.
Itis assumed that for miss distances of less than 10 meters, the SM-2 successfully intercepts
the target. For each successful intercept, the intercept position is plotted, resulting in the
engagement envelope for that engagement scenario.

4.2.1. Scenario 1: Samad-2 at cruise altitude 10m

Figure 47 presents the engagement envelope of the Standard Missile-2 Block IIIA against
the Samad-2 flying at 10 m altitude. The SM-2 is guided towards the PCP by Kappa guidance
with a specified intercept angle of -75 degrees. In the head-on engagement, the Samad-2 is
intercepted at a ground range of 32.5 km after 60.8 seconds. Because the Samad-2 flies at
very slow speeds, the Standard Missile-2 Block IIIA can intercept the Samad-2 even when
detected at a large initial bearing. At an initial bearing of 85° and 275°, the Samad-2 is still
intercepted within the radar horizon distance at a bearing of 90.3° and 269.7°, respectively.
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The time-to-intercept of these interceptions simulations is 67.3 seconds. The engagement
envelope nearly fully encompasses the area around the ship where the Samad-2 flying at
10 meters altitude can be detected.

Engagement envelope
Scenario 1: Samad-2 at 10 m altitude
OO

50 km

330° 30° ~—Engagement boundary
_ _Shadow zone of
40 km engagement envelope
=—Radar horizon
300° 80° O Own ship location
270° 90°
240° 120°

180°

Figure 47: Engagement envelope for threat engagement scenario 1: Samad-2 at a cruise altitude of 10m and a
cruise speed of 38.5m/s. Threats come in from the top of the figure and fly downward. Once the threat passes
the radar horizon, it is immediately tracked and engaged with no delay.

4.2.2. Scenario 2: Samad-2 at cruise altitude 250m

Figure 48 presents the resulting engagement envelope of the SM-2 BIKIIIA intercepting
the Samad-2 flying at a cruise altitude of 250 m. Compared to the Samad-2 flying at a
cruise altitude of 10 m, the Samad-2 flying at 250 m altitude is initially detected at a much
longer range of 86.7 km. Because the normal Kappa guidance modes KAP_NORM and
KAP_NORM_75 can not reach targets out to 86.7 km, the long-range variant with no spec-
ified intercept angle, KAP_LONG, was used for midcourse guidance. Additionally, the fly-
out table analysis in subsection 4.1 shows that KAP_LONG has a shorter time-to-intercept
against ground targets than KAP_NORM and KAP_NORM_75 for ground distances greater
than 40 km. At an intercept distance of roughly 80-85 km, close to, or exceeding the maxi-
mum range of KAP_NORM and KAP_NORM_75, there is amuch shorter time-to-intercept
when using KAP_LONG as the midcourse guidance mode.

In the head-on engagement, the Samad-2 is intercepted at a ground range of 81.5 km
after 128.9 seconds. The SM-2 is able to engage and intercept the Samad-2 up to initial
threat detection bearings of 88° and 272°. The threats are intercepted at the radar horizon
distance of 86.7 km at bearings of 91.5° and 268.5°, respectively. For these simulations,
the time-to-intercept is 135.6 seconds. Similar to the engagement scenario against the
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Samad-2 flying at 10 m altitude, the engagement envelope nearly fully encompasses the
area around the ship where targets flying at 250 m altitude can be detected.

Engagement envelope
Scenario 2: Samad-2 at 250 m altitude
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Figure 48: Engagement envelope for threat engagement scenario 2: Samad-2 at a cruise altitude of 250m and
a cruise speed of 38.5m/s. Threats come in from the top of the figure and fly downward. Once the threat
passes the radar horizon, it is immediately tracked and engaged with no delay.

4.2.3. Scenario 3: Al-Mandab 2 at cruise altitude 25m

Figure 49 presents the engagement envelope against the Al-Mandab 2 variant of the C-
802 Anti-Ship Cruise Missile flying at a cruise altitude of 25 meters. The SM-2 uses the
KAP_NORM_75 as the midcourse guidance mode to intercept the Al-Mandab 2 because
in the Kappa guidance section, subsection 2.4, Boord and Hoffman recommend intercept-
ing cruise missiles at a ground angle of 75 degrees [24]. Additionally, the maximum detec-
tion range against the Al-Mandab 2 flying at 25 m is 42.1 km, resulting in that the target falls
well within the flyout table of KAP_NORM_75.

The Al-Mandab 2, flying at a cruise speed of 306 m/s, is much faster than the Samad-2
at 38.5 m/s. This difference becomes apparent when analysing the engagement envelope
against the Al-Mandab 2. In the head-on scenario, the Al-Mandab 2 is intercepted at a
ground range of 27.5 km after 47.9 seconds. If the SM-2 misses the threat during the first
engagement, there is one more chance to engage the Al-Mandab 2 by immediately launch-
ing another SM-2 towards a PCP located at a downrange distance of 18.7 km, assuming
no time is required to process and confirm a hit or a miss, which in the real world is not
the case. If the SM-2 misses again, short-range defenses, such as the Evolved Sea Sparrow
Missile, Rolling Airframe Missile or the Close-In Weapon System have to be engaged for
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self-defence.

In the (near-) perpendicular crossing target area-defence scenarios, the SM-2 can not
engage and intercept the Al-Mandab 2 up to initial detection bearings as large as for the
Samad-2. The SM-2 can engage the Al-Mandab 2 up to an initial detection bearing of 71°
and 289°. In these scenarios, the Al-Mandab 2 is intercepted at a bearing of 109° and 251°
after 89.9 seconds. The SM-2 intercepts the Al-Mandab 2 perpendicular to the threat’s flight
direction at bearings of 90° and 270° at a range of 36.1 km.

Overall, the engagement envelope against the Al-Mandab 2 is smaller than the engage-
ment envelopes against the Samad-2. Regardless, as a rule of thumb, any to be defended
asset placed 'behind’ the launching ship (with respect to the threat vector) can be consid-
ered to be protected. If a frigate or destroyer were to be deployed in the Red Sea of Gulf of
Aden to escort convoys, the ship should be placed between the convoy and the expected
threat vector.

Engagement envelope
Scenario 3: Al-Mandab 2 at 25 m altitude

00
50 km
330° 30° ~—Engagement boundary
_ _Shadow zone of
engagement envelope
—Radar horizon
300° 60° O Own ship location
270° 90°
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I 1
240° o 120°
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Figure 49: Engagement envelope for threat engagement scenario 2: Al-Mandab 2 at a cruise altitude of 25m
and a cruise speed of 306 m/s. Threats come in from the top of the figure and fly downward. Once the threat
passes the radar horizon, it is immediately tracked and engaged with no delay.

4.2.4. Scenario 4: AS-5 Kelt at cruise altitude 1500m

Figure 50 presents the engagement envelope against the AS-5 Kelt flying at a cruise speed of
347 m/s at an altitude of 1500 m. Though the radar horizon range for targets at an altitude of
1500 m is 181.7 km, the APAR’s maximum effective range is 150 km. The AS-5 can thus only
be tracked and illuminated once it is within 150 km of the ship. The KAP_LONG_75 Kappa
guidance mode is used to guide the SM-2 during the midcourse phase. KAP_LONG_75
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has a maximum range of 140 km against targets flying at an altitude of 1500m. However, as
the SM-2 still has a remaining divert capability of 25 g’s at a range of 140 km and threats are
only engaged at these distances at the outermost regions of the engagement envelope, the
KAP_LONG_75 guidance mode was chosen.

In the head-on engagement scenario, the AS-5 Kelt is intercepted at a ground range of
99.6 km after 145.3 seconds. If the first engagement results in a miss, there are two more
opportunities to re-engage the threat before the AS-5 passes through the flyout table’s min-
imum intercept range. In the unlikely scenario where this does happen, the short-range
Kappa guidance modes KAP_NORM and KAP_NORM_75 can still be used to re-engage
the threat within a ground range of 25 km.

Engaging crossing targets in area-defence is possible up to initial threat detection bear-
ings of 59° and 301°. In these scenarios, the AS-5 Kelt is intercepted at a range of 129.1
km and bearings of 85.0° and 270.0°, respectively, after 189.9 seconds. For initial threat
detection bearings between 59° and 65° (301° and 295°), the SM-2 is kinematically able to
reach the target, but the miss distance is larger than 10 meters. The interceptor is unable to
properly accelerate in both manoeuvre planes to achieve interception triangles, resulting
in unacceptable miss distances. Perpendicular to the direction of flight of the AS-5 Kelt, at
bearings of 90° and 270°, the SM-2 is able to provide coverage up to a range of 128.0 km.

Engagement envelope
Scenario 4: AS-5 Kelt at 1500 m altitude
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Figure 50: Engagement envelope for threat engagement scenario 2: AS-5 Kelt at a cruise altitude of 1500m
and a cruise speed of 347 m/s. Threats come in from the top of the figure and fly downward. Once the threat
passes the radar horizon, it is immediately tracked and engaged with no delay.
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4.2.5. Scenario 5: AS-5 Kelt at cruise altitude 10000m

Figure 51 presents the engagement envelope against the AS-5 Kelt flying at a cruise altitude
of 10000 m. The maximum radar range is again limited to 150 km, the maximum effective
range of the APAR. The KAP_LONG Kappa midcourse guidance mode is used to perform
the interceptions. The engagement envelope is similar in shape to the engagement enve-
lope against the AS-5 Kelt flying at 1500 m. This is explained due to the fact that between
ground ranges of 100 km and 140 km, the time-to-intercept for KAP_LONG against targets
at 10 km altitude is very similar to the time-to-intercept of KAP_LONG_75 against targets
at 1500 m altitude.

In the head-on scenario, the AS-5 Kelt is intercepted at a ground range of 102.3 km after
137.5 seconds. The maximum bearings at which the crossing threat can be intercepted are
76° and 284°. In these scenarios, the threats are intercepted at the APAR’s maximum effec-
tive range of 150 km at a bearing of 105.5° and 254.5°, respectively. The time-to-intercept
for these scenario’s is 227.8 seconds. Perpendicular to the direction of flight of the AS-5 Kelt,
at bearings of 90° and 270°, the SM-2 is able to provide coverage out to 135.0 km.

Similar to the engagement envelope against the Al-Mandab 2, the Standard Missile-2
Block IIIA is able to defend any friendly asset placed behind the launching ship. The SM-2
can defend friendly assets up to a range of 100 km in the direction of the threat vector, but
any friendly asset beyond a range of 27.5 km cannot be defended in the case of an strike by
an Al-Mandab 2.

Engagement envelope
Scenario 5: AS-5 Kelt at 10000 m altitude
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Figure 51: Engagement envelope for threat engagement scenario 2: AS-5 Kelt at a cruise altitude of 10000m
and a cruise speed of 347 m/s. Threats come in from the top of the figure and fly downward. Once the threat
passes the radar horizon, it is immediately tracked and engaged with no delay.
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5. Conclusions

This thesis investigates the kinematic performance of the Standard Missile-2 and analy-
ses its area-defence capabilities against drones and Anti-Ship Cruise Missiles. A modified
point mass Simulink model was developed to simulate the SM-2 intercepting targets using
the mathematical theory and interceptor information presented in this thesis. To answer
the research questions, flyout tables and engagement envelopes were constructed.

Flyout tables were constructed for multiple Kappa midcourse guidance modes, includ-
ing a modified version that allows the Standard Missile-2 Block IIIA to fly out to very long
ranges. The Standard Missile-2 is found to have a maximum local burn-out Mach num-
ber of 4.4, translating to a sea-level adjusted Mach number of 3.8. Using standard Kappa
midcourse guidance, the SM-2 Block IIIA has a maximum range of 83 kilometers against
ground targets. Using the long-range Kappa guidance mode, the SM-2 is found to have a
maximum ground range of 173 km, agreeing closely with the publicly reported maximum
range of 167 km. The SM-2’s maximum range reduces to 152 km at an altitude of 10 km and
130 km at an altitude of 20 km. Depending on the Kappa midcourse guidance mode, the
SM-2 has a maximum effective service ceiling of 20-25 km. For normal Kappa guidance,
the maximum service ceiling decreases with downrange distance, as the interceptor loses
energy and the ability to manoeuvre during its flight. The maximum service ceiling of the
long-range variant is not sensitive to downrange distance, due to the shaping of the flyout
trajectories, resulting in very little energy loss at higher altitudes. For Kappa guidance with
a specified target interception ground angle of -75 degrees, the service ceiling is reduced to
10-15 km.

Engagement envelopes were developed to simulate interceptions against crossing threats
to analyse the SM-2’s area-defence capabilities. Engagement envelopes were developed
against the Houthi Samad-2 drone and Al-Mandab 2 Anti-Ship Cruise Missile, as well as
against the Soviet-made AS-5 Kelt to simulate engagements against threats flying at a (very)
high cruise altitude. The SM-2 is able engage and intercept the very slow flying Samad-2
very close to the target’s radar horizon in any direction. The Al-Mandab 2, a high-subsonic
Anti-Ship Cruise Missile, is intercepted at a range of 27.5 km in a head-on engagement sim-
ulation, leaving the launching ship with only one additional opportunity to re-engage the
threat in case of a miss. The SM-2 can intercept the Al-Mandab 2 up to an initial target
bearing of plus minus 71 degrees with respect to the head-on scenario direction, provid-
ing protection to friendly assets positioned behind the launching ship. Perpendicular to
the Al-Mandab 2’s flight direction, the SM-2 is able to protect assets up to a range of 36.1
km. Against the AS-5 Kelt, the SM-2 is able to provide extensive area-defence coverage. In
a head-on engagement scenario, the SM-2 intercepts the AS-5 Kelt flying at cruise altitudes
of 1500 m and 10000 m at ranges of 99.6 km and 102.3 km, respectively. Perpendicular to
the direction of flight of the AS-5 Kelt, the SM-2 provides protection up to 128.0 and 135.0
km at the two flight altitudes. The SM-2 is able to provide protection to any asset positioned
behind the launching ship in the the AS-5 Kelt’s flight direction.
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5.1. Implications of results

The Standard Missile-2 Block ITIA is shown to have extensive point-defence and area-defence
capabilities against endo-atmospheric threats. With its current generation of Air Defence
and Command Frigates and medium-range Surface-to-Air Missiles, the Royal Netherlands
Navy is equipped to protect its trade routes in the Red Sea and Gulf of Aden by escorting
convoys of commercial ships. Houthi Anti-Ship Cruise Missiles are the biggest threat to
shipping, as their sea-skimming abilities and high-subsonic speeds mean they can only be
detected, tracked, and engaged at relatively close ranges. Additionally, they carry relatively
large explosive payloads that can cripple civilian ships with a single successful hit. The SM-
2 is shown to be kinematically very able to intercept this threat type and operators should
not hesitate to deploy the SM-2 to intercept these threats. It is shown that the SM-2 poses a
threat against highly manoeuvrable fighter jets and AWACS-type airplanes up to a range of
140-150 km, keeping airspace around the launching ship safe. Lastly, the SM-2 is, kinemat-
ically speaking, completely overpowered against the Samad-2. Shooting down a swarm of
Samad-2’s costing 50k (0.05M) each using Standard Missiles costing 3.0-3.5M each is eco-
nomically not sustainable, even when comparing the collective economic size of NATO to
that of Iran and its proxies. The slow flight speeds of the Samad-2 make it a perfect target
to be engaged by a ship’s on-board canon, Close-In Weapon System, or helicopter gun.

5.2. Future research

1. The next step in making a more detailed flyout model of the Standard Missile-2 is to
develop a full 6 Degrees-Of-Freedom model. In this research, the kinematic equa-
tions were already prepared to accommodate a 6-DOF simulation model. It would be
wise to switch out Missile DATCOM98 by more accurate software such as CFD sim-
ulations, as Missile DATCOM98 is only based on semi-empirical relations, resulting
in not always the most accurate aerodynamic coefficients for the given flight condi-
tions. In 6-DOF simulations, aerodynamic cross-coupling of the roll, pitch, and yaw
channels becomes very apparent and should be modelled accurately, requiring better
performing software than Missile DATCOM98.

2. The Simulink model is set up as a generic missile model, meaning any other intercep-
tors can be simulated. Assessing the kinematic performance of any Surface-to-Air,
Air-to-Air, or Air-to-Ground missile against any target is thus possible. Investigating
the kinematic performance of the SM-2 against the Samad-2, Al-Mandab 2, and AS-5
Kelt is relatively limited, but the engagement performance database can be expanded
quickly to many interceptors and many targets.

3. For future research into interceptor performance, it is important to accurately model
the seeker and warhead dynamics. Upgrading the Simulink model to 6-DOF should
include seeker and warhead dynamics.

4. The Standard Missile-2’s ability to intercept (Short Range) Ballistic Missiles could be
investigated. Though shown to be theoretically able to intercept ballistic missiles at
short ranges in a point-defence scenario if the target trajectory is known perfectly, it
is expected that the SM-2 does not have the aerodynamic control authority to make
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course corrections at high altitudes, due to its small aerodynamic surfaces. To model
the interception of ballistic missiles, the least upgrade to the Simulink model should
be seeker noise dynamics to introduce uncertainties in the exact target position.
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A. Appendix

A.1. Tg, approximation

In this section, the time-to-go (Tg,) is approximated. It should be noted that no open-
source information detailing the exact midcourse guidance algorithm used by the SM-2
Block IIIA is available. Similarly, there is no open-source information available on how the
SM-2’s on-board software estimates the Tg,. Therefore, the methodology of calculating the
midcourse guidance acceleration commands and Tg, (and V) are based on methodolo-
gies found in open literature, without providing a guarantee that the adopted methodolo-
gies accurately describe the actual guidance software on board the SM-2 Block ITIA.

Tg, can be approximated using an equation as simple as Tgo, = Rypcp/ Vi [24], or can
be approached using various approximation methods. In this section, a more advanced
method of calculating T, is presented based on the work by Mondal and Padhi [46]. Here,
only the final and necessary derivations resulting in the set of equations to calculate T,
are presented. The more fundamental derivations are omitted, as they can be reviewed in-
depth in Mondal and Padhi’s paper.

To start, Equation 9 presents the acceleration commands in the LCIC frame. Mondal
and Padhi’s approximation of the time-to-go, Tg,, is a function of the current and specified
velocity vector. Therefore, Ty, is derived based on information on the interceptor’s velocity
vector, rather than the orientation of interceptor’s body frame. To project the acceleration
commands in the LCIC frame derived in Equation 9 into the velocity frame, two rotations
are applied. First, a rotation consisting of the vertical flight path angle y, is performed.
Then, a rotation consisting of the heading angle v, is applied [46]. The acceleration com-
mands in MBCF as a function of the acceleration commands in LCIC and flight path- and
heading angles are given by Equation 61 [46]:

aMBC clyp)cn) —clyn)styn) —slyn)] [aic'c
ay’Pel = styp) c(yp) 0 |-|acc 61)
aMBC¢ styn)cpn) —sty))styn)  clyy) atclc

where axMBC, aﬁ‘,’IBC, and aé‘/[B C are the acceleration commands in the MBC frame, Yuis

LCIC

7 '~ are the

the vertical flight path angle, v, is the heading angle, and a ,and a

acceleration commands in the LCIC frame.

LCIC aLCIC
x » Yy

Since the solid propellant rocket motor has a fixed thrust profile in time, acceleration
commands in the MBCF x-direction cannot be performed. Therefore, the first row in Equa-
tion 61 is ignored. We thus define the acceleration commands in y- and z-directions and
the LCIC-to-MBCEF rotation matrix in y- and z-direction as (Equation 62 and Equation 63)
(46]:
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MBC aMBC
a = aJMBC (62)
| sy clyp) 0 ]
”‘[s(yy)c(wh) _sr)swn) ) (63)

The flight path angle y, and heading angle vy, are now replaced by their average value
during the whole flight, namely y, = (y, +y,,4)/2 and ¥, = (W, + ¥1,4) /2, where y,, 4 and
W,q are the specified desired interception vertical ground angle and heading angle, respec-
tively [46]. The average rotation matrix p is now given by Equation 64 [46]:

s(Wp) c(yp) 0

STICWR)  —sGo)s@Wn) () (64)

(pl=

The matrices S and S are now defined as a function of the rotation matrices p and p.
Equation 65 and Equation 66 present S and S as functions of p and p [46]:

s=pTp (65)

S=p'p (66)

The performance index J is now defined using Equation 67 [46]:

0 MBC\T (,MBC
Teo ZTgO

where 7 is the trajectory shaping gain. Increasing n results in a larger Ty, in Equa-
tion 73, which in turn increases the relative weight of the second term in Equation 9.

Integrating the performance index J with respect to Tg, results in (Equation 68) [46]:

(n+1) (n+2) T(n+3)

_ Lorep teo T ey, 80 T ey, 80
Jopt = 5 P SP(n+1)+2P SQ(n+2)+Q SQ—(l’l+3) (68)
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where (Equation 69 and Equation 70) [46]:

P:(n+1)-C1

Q=n+2)-C,

with (Equation 71 and Equation 72) [46]:

+2
Ci = L [(n+3)Rypcp — (Vv + (n+2)Var) Tgo|
go
G = sy [(n +2)Rypcp— (Vy+(n+1)Vyr) TgO]
go

After much rewriting, Equation 68 becomes Equation 73 [46]:

1
Jopt==7 AT "9 + BT "2 + C TV

where (Equation 74 to Equation 76) [46]:
A=n+1D)(n+2)4] 8 -2(n+1)(n+2)(n+3)1{ S+
(n+3)(n+2)1] 31,

B=2(n+1)(n+2)’11Sm; -2(n+1)(n+2)(n+3)

A7 Smy +m] Sly) +2(n+3)(n+2)*1] Sm,

C=(n+ 1)(n+2)2m1T§m1 -2(n+1)(n+2)(n+3)

mlTSmg +(n+3)(n+ 2)2m2TSm2

in which (Equation 77 to Equation 80) [46]:

(69)

(70)

("1

(72)

(73)

(74)

(75)

(76)
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I, =(n+3)-Rypcp (77)

ILL=(n+2)-Rypcp (78)
m; = —(Vy + (n+2)Vyp) (79)
my =—(Vy+(n+1)VyF) (80)

In Equation 73, J,p, is now a function of the Tg, and the time-varying variables A, B,
and C. By differentiating Equation 73 with respect to T, as described in Equation 81, the
extremum can be found [46]:

d]opt 1
- __ o —(n+2) W —(n+3) o —(n+4)
T, " 2 C(-=n-1DTg,""" +B(-n-2)Tg,""" + A(-n-3)T, (81)

Multiplying both sides of Equation 81 by Tg(’;+4) results in Equation 82 [46]:

(n+1)C-T§O+(n+2)B-Tgo+(n+3)A:0, (82)

which, finally, is rewritten to find T, by applying the quadratic equation in Equation 83:

— 2R2 _
Tyo = (n+2)B++v/(n+2)2B2—4(n+1)(n+3)AC (83)
2C(n+1)

Equation 83 results in two real and positive results for Tg, [46]. Mondal and Padhi show
that the expression with the ‘'minus’ sign always results in the correct value for Tg, [46].
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A.2. V), approximation

To approximate the predicted interceptor velocity at the PCP, V), one can simply assume
Vmr = Vi, similar to the simple calculation of Tg, = Rypcp/Vy. However, a more ad-
vanced methodology to calculate Vj,r is presented here based on the methodology of Mon-
dal and Padhi [46]. For the full derivation of Vjr, the reader is referred to Mondal and
Padhi’s work [46].

Equation 84 presents Mondal and Padhi’s equation to calculate Vjr [46].

VM
1+ (36CpSref) VM Tgo

Vmr = (84)

where p is the average air density of the missile’s current altitude and at the PCP, p =
(p+ppcp)/2.

The predicted missile velocity vector at the PCP, Vy;r in Equation 9, is the product of the

specified missile velocity unit vector at the PCP, iy;r and Vi, where iyr is found through
the specified interception vertical flight path angle y,, ; and heading angle v, 4.
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A.3. Six Degrees of Freedom Equations of Motion

In six Degrees of Freedom (6-DOF) simulations, the interceptor’s Euler angles ¢, 6, and v
that orient the MBC frame with respect to the LCIC frame are explicitly modeled. They are
no longer constructed with respect to the velocity vector, as is the case for modified point
mass simulations. The interceptor now has both an explicit position and orientation in-
side the LCIC frame. The forces and moments acting on the interceptor inside the now
non-inertial (rotating) MBC frame result in translational and rotational accelerations along
and about the interceptor’s body axes. To calculate both the translational and rotational
accelerations in the MBC frame, the angular rates of the MBC frame itself must be taken
into account. The resulting translational accelerations in the MBC frame can be directly
translated to accelerations in the LCIC frame by applying the quaternion transformation
matrix found in Equation 8. The rotational accelerations are first integrated in time to find
the angular rates, p, g, and r, which are used to find the angular rates of the Euler angles.

To start, the angular rate vector w? describes the rotational velocities about the inter-
ceptor’s body axes and is expressed as [28]:

p
w?=pi+qgj+rk=|q| , (85)

rly

where p, g, and r are the angular rates about the missile’s X}, Y3, and Z;, axes, respec-
tively. The missile’s roll rate is p, g is the pitch rate, and r is the yaw rate.

A.3.1. Translational accelerations in the Missile Body Coordinate

frame
The translational accelerations in the rotating MBC frame are calculated by taking the in-
stantaneous forces acting on the interceptor at timestep ¢ as if the MBC frame were an
inertial frame, minus the cross product of the angular velocities about, and linear velocities
along, the body axes. The acceleration that the interceptor experiences with respect to the
rotating MBC frame is thus described by [28] [42]:

b u

F
=— —(’xV)=|0v]| , (86)
mn w

Vb

b

where F? is the force vector in the MBC frame frame, @ p is the angular rate vector about
the X, Y}, and Z;, axes, and V? is the velocity vector describing the velocities u, v, and w
along the body axes.
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The cross product (w x V) is:
k
r

(wxV) = =(wqg—-vr)i+ (ur—wp)j+ (wvp—-uqk. (87)

< Q-

SIS
S

Rewriting Equation 86 and dividing it into its individual components, the interceptor’s
accelerations along the X3, Y3, and Z;, axes are thus defined as [42]:

. F

u=—"=—(wq-vr), (88)
m
pb

D:—y—(ur—wp), (89)
m

and
b

v=—=—(up-ugq), 90

w=— (vp—-uq) (90)

where 1, ¥ and w are the components of the translational acceleration along the Xj,
Y}, and Z;, axes of the MBC frame; Ff , Ff, and Ff are the total forces acting on the missile
along the X}, Y3, and Z, axes; u, v, and w are the missile’s velocities in the MBC frame, and
p, g, and r are the missile’s angular rates about the X, Y;, and Z;, axes [42].

A.3.2. Rotational accelerations in the Missile Body Coordinate Frame
The time rate of change of a missile’s angular momentum in an inertial reference frame is
equal to the moment acting upon the missile, or:

d
—h=M, 91
PP (C2Y)

where the particle’s angular momentum vector h is given by [42]:

p
h=[Ilo=[1](pi+qgj+rk)=[1]-|q], 92)
r
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in which [ I] is the particle’s inertia matrix and w is the angular velocity vector about
the particle’s x-, y- and z- axes. The inertia matrix [ I ] is given by [42]:

Ixx _Ixy _Ixz
[I]= _Ixy Iyy _Iyz ’ (93)
_Ixz _Iyz Izz

where Iy, Iy, and I, are the moments of inertia about the interceptor’s x-, y- and z- axes
and Iy, I, and Iy, are products of inertia [42]. Strickland stipulates that "a particular ori-
entation of the reference frame axes relative to the body can always be chosen for which the
products-of-inertia terms vanish", resulting in a simplified inertia matrix [ I ], where [I] is
now expressed using [42]:

I, 0 0
m=|0 1, of. 94)
0 0 I

For axisymmetric missiles, the missile body axes align with the principle axes for which
it holds that I, = Iy, = I, = 0 [42]. The Standard Missile-2 is not quite axisymmetric since
it has two sets of four fins. However, these fins are located in the same planes as the MBC
frame’s Y- and Z-axes. The products of inertia can thus be assumed to be zero. Further-
more, the fins have a very small mass compared to the main body. The products of inertia
can thus be assumed to be zero even if the fins were positioned using an X-configuration,
rather than the SM-2’s cross-configuration. We also assume that, similar to the missile’s
mass m, the inertia tensor [ I ]| may be assumed to be constant or be given an instanta-
neous value at timestep t. Therefore, time rate of change of the angular momentum of an
axisymmetric missile in an inertial reference frame can be expressed by [42]:

I, 0 0] [p L
d. d . ;
—h=—(llw =[le=|0 I, 0| |4|=M=|M|, (95)
0 0 L] |7 N

resulting in the angular acceleration equations about the interceptor’s x-, y-, and z- axes
in the inertial reference frame:

)= —, 96

p I. (96)
M

g=—, 97)
Iy
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and

(98)

. N
F=—.
I,

In a rotating frame, as is the case for the MBC frame in 6-DOF simulations, the angular
rate accelerations p, ¢, and i are found in a similar method to the procedure of deriving
the translational accelerations in the rotating MBC frame. By subtracting the cross product
of the angular rate vector and local velocity vector, (wb X Vb), from the moment vector M?
and subsequently dividing by the Inertia tensor, the angular accelerations about the body
axes are found using [42] :

M? — (w? x VP p
ol = (‘” x ): gl | 99)

[1] ;

b

where the definition of the cross product (wb X Vb) is found in Equation 87. Finally,
rewriting Equation 99 and expressing each individual component results in [42]:

_ L-qr—1,)
p=—"7",

100
I, (100)
- M_pr(lx_lz) (101)
I '
and
N-pqgl,—1I
;= patly X), (102)

I,

where p, g and 7 are the angular acceleration components about the X, Y, and Z;, axes
in the MBC frame frame, L, M and N are the total moment components about the X}, Yy,
and Zj, axes, p, q and r are the components of the angular rate vector w and Iy, I, and I,
are the moments of inertia about the X}, Y3 and Z;, axes.

85



A.3.3. Euler angle rates of change

Finally, the Euler angles that describe the interceptor’s attitude with respect to the inertial
reference frame can be derived. The equations describing the rates of change of the Euler
angles are given by [42]:

¢ =p+(gsin() +rcos(¢p) tan(®), (103)

0 = gcos(¢) — rsin(e), (104)
and

__(gsin@) +rcos(¢)

V= cos(0) ' (105)

The Euler angles ¢, 0, and v can now be found by integrating the Euler angle rates.
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A.4. Aerodynamic forces and moments in 6 Degrees
of Freedom simulations

The moments acting about the SM-2’s body axes are the result of aerodynamic moments,
denoted as:

M’ =M}, (106)

where Mg is the aerodynamic moment vector acting about the missile’s body axes. Rep-
resented by its individual components, Mg is defined as:

Ly
My
Ny

M5 = Li+ Mj+ Nk = , (107)

b

where L4, M4 and N4 are the aerodynamic moments acting about the interceptor’s lo-
cal X-, Y-, and Z-axes, respectively. The aerodynamic moments are the product of the
moment coefficients, multiplied by the dynamic pressure, reference area, and interceptor
diameter, denoted as:

La Cum,
Ma| =qa-Sref-D-|Cwy, (108)
Nal, Cu. ],
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A.5. Brown and Herman’s detailed SM-2 Block I ge-
ometry diagrams

Brown and Herman’s detailed geometric description

presented in Figure 52, Figure 53, and Figure 54 [38].
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Figure 52: Front section of the Standard Missile-2 Block I according to Brown and Herman [38]
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Figure 54: Rear section of the Standard Missile-2 Block I according to Brown and Herman [38]
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A.6. Open-source photos of cross-section of SM-2 main
wings

Figure 55: To-scale (scale unknown) model of the Standard Missile 2. Credit: Smithsonian National Air and
Space Museum

Figure 56: Standard Missile-2 on a trainable launcher. Credit: Missile Defense Advocacy
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A.7. APAR Height estimation

No open-source information could be found specifying the APAR’s height. Therefore, the
APAR’s height is estimated using available photos found on the internet. Figure 57, a side-
view of the LCF supplied by the ship’s builder, Damen Shipyards Group, is used to approx-
imate the height of the APAR. In Figure 57, the ship has a length of 1808 pixels long and an
APAR height of 342 pixels. The LCF ships have a length of 144.2 meters [47]. The APAR is
thus approximated at 27.25 meters above sea level.

A
A4

1442 m

Figure 57: F802 "De Zeven Provincién" - Royal Netherlands Navy Air Defence and Command Frigate (LCF),
used to approximate APAR height above sea level. Image source: Damen Shipyards Group [48].

Implementing Equation 60 for a target altitude of 10m above sea level, Figure 58 presents
the the resulting radar horizon distance as a function of radar height. Figure 58 shows that
assuming a radar height of 27.25m is a good estimate for the APAR. The radar horizon dis-
tance does not differ greatly between an APAR height of 25 and 30 meters above sea level.

Radar horizon as a function of radar height

Target altitude = 10m
45 —

40

w w
o 53]

Radar Horizon (km)
N
(4]

20

10 ! ! ! ! ! ! ! ! ! J
0 5 10 15 20 25 30 35 40 45 50

Radar height (m)

Figure 58: Radar horizon as a function of radar height for a target at 10m above sea level.
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A.8. Additional flyout tables and trajectories - Inter-
cept angle at the Primary Command Point: +45
Degrees

Figure 61 presents the flyout tables for the SM-2 Block IIIA where the terminal intercept
angle is specified to be +45 degrees.

Time-to-intercept and Mach number at PCP intercept
Kappa guidance - Specified intercept angle: +45 deg
~
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Figure 59: Time-to-intercept and Mach number at intercept for SM-2 Block IIIA. Specified intercept angle:
+45 degrees. Time-to-intercept contour lines are constructed every 5 seconds for time-to-intercept = [15:50]
seconds and every 10 seconds for time-to-intercept = [50:60] seconds.

Flyout Trajectories:
Kappa guidance - Specified intercept angle: +45 deg
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Figure 60: Flyout trajectories for Kappa guidance with a specified intercept angle of +45 degrees
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Maximum divert capability (in g's) and interceptor velocity at PCP intercept
Kappa guidance - Specified intercept angle: +45 deg
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Figure 61: Maximum divert capability (in g's) and interceptor velocity at PCP intercept for Kappa guidance
with a specified intercept angle of +45 degrees. Maximum divert contour lines are constructed at maximum
divert = 1g, every 2 g’s for maximum divert = [2:10], and every 10 g's for maximum divert = [15:45].
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A.9. Missile DATCOM 98 Inputs

A.9.1. Trimmed conditions

CASEID RIM-167 SM-2 Blk-IIIA full wing new tail
DIM M
DERIV RAD
$FLTCON
NALPHA=20.,
ALPHA=0.,1.,2.,3.,4.,5.,6.,8.,10.,12.,
ALPHA(11)=14.,16.,20.,24.,28.,32.,36.,40.,44.,48.,

NMACH=20.,
MACH=0.1,0.5,0.7,0.9,0.95,1.0,1.05,1.1,1.3,1.5,
MACH(11)=1.6,1.8,2.4,2.5,2.6,2.75,3.0,3.5,4.25,5.0,
ALT=0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,

ALT(11)=0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,
PHI=0.,

$END

$REFQ
LREF=0.3432,
XCG=1.925,
SREF=0.0925
BLAYER=TURB,
RHR=125.,

$END

$AXIBOD
LNOSE=0.699,
DNOSE=0.3432,
BNOSE=0. ,
TNOSE=KARMAN ,
LCENTR=4.021,
DCENTR=0.3432,
DEXIT=0.,

$END

$FINSET1
XLE=1.4793,1.5521,2.1881,2.2677,
SSPAN=0.0,0.045,0.055,0.136,
CHORD=2.1515,2.0387,1.3876,1.2270,
ZUPPER=0.019,0.009,0.0125,0.007,
ZLOWER=0.019,0.009,0.0125,0.007,
LMAXU=0.04,0.04,0.04,0.04,
LFLATU=0.92,0.92,0.92,0.92,
NPANEL=4. ,
PHIF=45.,135.,225.,315.,

$END

$FINSET?2
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XLE=4.3560,4.4596 ,4.4996,
SSPAN=0.0,0.266,0.3684,
CHORD=0.3640,0.1667,0.,
ZUPPER=0.025,0.020,0.020,
ZLOWER=0.025,0.020,0.020,
LMAXU=0.3,0.3,0.3,
LFLATU=0.4,0.4,0.4,
NPANEL=4. ,
PHIF=45.,135.,225.,315.,

$END

$TRIM
SET=2.,DELMIN=-50.,DELMAX=50.,
PANL1=.TRUE.,PANL2=.TRUE.,PANL3=.TRUE.,PANL4=.TRUE.$

SOSE

NO LAT

PLOT

SAVE

NEXT CASE

A.9.2. Coefficient and dervatives at specific 6

CASEID RIM-167 SM-2 Blk-IIIA full wing new tail
DIM M
DERIV RAD
$FLTCON
NALPHA=19.,
ALPHA=0.,1.,2.,3.,4.,5.,6.,8.,10.,12.,
ALPHA (11)=16.,20.,24.,28.,32.,36.,40. ,44.,48.,
NMACH=20. ,

MACH=0.1,0.25,0.7,0.9,0.95,1.0,1.05,1.1,1.3,1.5,
MACH(11)=1.6,1.8,2.4,2.5,2.6,2.75,3.0,3.5,4.25,5.0,
ALT=0.,0.,0.,0.,0.,0.,0.,0.,0.,0.

ALT (11)=0.,0.,0.,0.,0.,0.,0.,0.,0.,0.,

PHI=O.,
$END
$REFQ
LREF=0.3432,
XCG=1.925,
SREF=0.0925
BLAYER=TURB,
RHR=125.,
$END
$AXIBOD

LNOSE=0.699,
DNOSE=0.3432,
BNOSE=0.,
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TNOSE=KARMAN ,
LCENTR=4.021,
DCENTR=0.3432,

DEXIT=0.,

$END

$FINSET1
XLE=1.4793,1.5521,2.1881,2.2677,
SSPAN=0.0,0.045,0.055,0.136,
CHORD=2.1515,2.0387,1.3876,1.2270,
ZUPPER=0.019,0.009,0.0125,0.007,
ZLOWER=0.019,0.009,0.0125,0.007,
LMAXU=0.04,0.04,0.04,0.04,
LFLATU=0.92,0.92,0.92,0.92,
NPANEL=4. ,
PHIF=45.,135.,225.,315.,

$END

$FINSET?2
XLE=4.3560,4.4596 ,4.4996,
SSPAN=0.0,0.266,0.3684,
CHORD=0.3640,0.1667,0.,
ZUPPER=0.025,0.020,0.020,
ZLOWER=0.025,0.020,0.020,
LMAXU=0.3,0.3,0.3,
LFLATU=0.4,0.4,0.4,
NPANEL=4. ,
PHIF=45.,135.,225.,315.,

$END

$DEFLCT
DELTA2=-0.,-0.,0.,0.,

SOSE

NO LAT

PLOT

SAVE

NEXT CASE
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