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Guided missiles are a key weapon in modern warfare, where designers aim to
enhance their accuracy and lethality. In the conceptual design phase, the problem of
missile trajectory tailoring to hit a specified target emerges. Nonetheless, focusing
solely on this design goal may cause degradation in other design aspects such as
structural integrity and flight control demands. Therefore, it is highly recommended
to integrate flight, control, and structural aspects in the early phases of design. This
study focuses on the conceptual phase of a guided surface-to-surface tactical missile
trajectory toward a set of predefined targets with constraints. A comprehensive anal-
ysis is implemented to solve the trajectory optimization problem of a generic tactical
missile. Based on a point-mass three-degree-of-freedom flight model, the optimal-
control solver GPOPS is employed to solve this trajectory optimization problem. To
ensure realistic and visible trajectory problem solutions, several physical constraints
are considered, including minimum and maximum allowable dynamic pressure and
maximum allowable rate for flight path angle. The control budget needed for each tra-
jectory problem is discussed. Optimal trajectories ensuring maximum impact velocity
via free and constrained flights are evaluated. Furthermore, trajectory problems that
balance between minimum control budget and maximum lethality are analyzed.

1. Introduction

Tactical guided missiles are a key weapon in modern warfare due to their ability
to yield significant damage to ground targets with high precision. The design of such
a missile is indeed multi-disciplinary since multiple possibly competing objectives
are involved. It is thus recommended to incorporate more than one design objective
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in both the conceptual and preliminary design phases. Introducing as many design
aspects early in these phases yields faster convergence to a more balanced final
design. The development of accurate models and powerful computation facilities
enabled the promotion of design optimization to the early conceptual design phase
to handle competing design goals [1, 2]. The key design goals of a tactical guided
missile include the impact range, velocity, and flight-path angle, which can be
competing.

The trajectory optimization problem can be generally viewed as an optimal
control problem. It can be expressed as a terminal cost function as the Mayer
term [3-6], an integrand of a running cost function as the Lagrange term, or a Bolza
problem with both terms (i.e., coupled Mayer-Lagrange) [7, 8]. Mathematically,
the problem is to extremize:

Lf
qu)f (xf,uf,tf)+/L(x,u,t)dt, (1)
fo
where, @ (x Fallp,t f) is the terminal cost function (Mayer term) of states x,
control u s, and time #¢, and L(x,u,t) is an integrand cost function (Lagrange
term) of states x, controls u, and time ¢ along the trajectory.

In the early phases of solving the optimal trajectory, it is crucial to model the
flying vehicle dynamics using equations of motion that incorporate assumptions
customized to address the flight trajectory. Employing more complex flight models
comes at a considerable time cost, yet it yields a closer approximation to realistic
scenarios. Nevertheless, solving the optimal trajectory problem inherently demands
substantial time due to its engagement in a rigorous iterative process, prompting
the consideration of simpler flight models with suitable assumptions. Several au-
thors have explored a two-degrees-of-freedom (2DoF) point-mass trajectory model
under the assumption of a spherical, non-rotating Earth [5]. Alternatively, another
study proposed the same trajectory model with a flat-Earth approximation [9].
However, the majority of authors focusing on the optimal trajectory problem have
adopted a three-degrees-of-freedom (3DoF) point-mass trajectory model, assuming
a spherical and rotating Earth [4, 8, 10].

Various studies from literature have been conducted to optimize flight trajecto-
ries of a variety of aerial vehicles, including commercial aircraft [11], cruise vehi-
cles [12], unmanned aerial vehicles UAVs [13, 14], and launch vehicles. For launch
vehicles, optimal flight trajectories were sought for various objectives, including
maximum down-range [15], maximum cross-range [16], minimum heat-load [17],
minimum fuel consumption [4, 18], maximum payload [19], and minimum flight
time [20].

Trajectory tailoring is a key objective in solving trajectory optimization prob-
lems while considering constraints and in-flight limitations effectively. One widely
recognized strategy in hypersonic applications is the boost-glide-skip trajectory [9,
21]. This trajectory design allows for achieving predefined range objectives, maxi-
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mizing impact velocity, and mitigating excessive dynamic pressure (i.e., maintain-
ing structural integrity) during flight.

Surface-to-surface tactical missiles have even gained the interest of many
researchers, however, key gaps remain in how these studies integrate control, struc-
tural considerations, and aerodynamic constraints early in the design phase. Har-
graves et al. [22] obtained the minimum time for intercepting a target for a given
missile propulsion. Khalil et al. [23] solved the trajectory optimization problem
maximizing the impact velocity on stationary targets. Li et al. [24] solved the
Beyond Visual Range (BVR) combat missile trajectory optimization problems by
maximizing range. In another study [25], the unconstrained missile trajectory op-
timization problem was solved to maximize the impact velocity.

As noted in [26], a hybrid trajectory optimization for variable-sweep missile
configurations was developed to maximize impact velocity under constrained angle
of attack and impact elevation. However, that work focused solely on the terminal
phase and did not consider the integrated control—structure coupling or competing
design objectives over the full flight envelope. Cai et al. [27] proposed a data-
driven missile trajectory planning framework based on distributed neural networks
for defense engagement scenarios. Similarly, Sun et al. [28] introduced a multi-
stage trajectory optimization scheme using a hybrid multi-objective particle swarm
optimization algorithm for anti-ship missiles operating in high-dynamic environ-
ments. However, both approaches not explicitly demonstrate constraint trade-offs
or control-aerodynamic coupling. Additionally, a recent survey [29] on multidisci-
plinary design optimization (MDO) methods applied to launch vehicles during the
conceptual design phase provides a broad overview of existing optimization tech-
niques and design objectives. However, it does not address constraint formulations
or trade-offs between competing objectives that are critical for practical missile
trajectory design.

Given these limitations, the present study extends the existing body of work by
incorporating complex interactions between optimization constraints, control ob-
jectives, and performance metrics. This integration provides a more comprehensive
and realistic representation of the trajectory optimization problem. Accordingly,
the trade-offs between flight range, impact velocity, summit altitude, control effort,
and dynamic pressure constraints are discussed to provide a more holistic view of
how these factors impact missile design during its conceptual phase. The remain-
der of the paper is organized as follows. Next, the case study and methodology are
introduced. The results of trajectory optimization are presented and discussed. The
paper finalizes the key findings and conclusions.

2. Case study

A generic missile with a tail-fin configuration is adopted as the missile under
investigation, illustrated in Fig. 1a. The missile airframe has a fineness (length-
to-caliber) ratio of about 15 and consists of a conical nose and a cylindrical body



www.czasopisma.pan.pl N www.journals.pan.pl
1
POTSRA AKADEMTA N

46  A.S. ABOELWAFA, Mahmoud Y.M. AHMED, Elsayed M. KHALIL, Mostafa KHALIL

ending with a four-fin tail section. The launch and burnout masses of the missile are
2800 kg and 1500 kg, respectively, and its reference area is about 0.2 m?. Fig. 1b
shows the motor thrust profile, where thrust values are normalized to their maximum
value of about 280 kN. The aerodynamic drag and lift coefficients versus Mach
number and angle of attack are presented in [9], where the zero-lift drag coefficient
is illustrated in Fig. 2.
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Fig. 1. Case study missile
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Fig. 2. Zero-lift drag coefficient vs. Mach number

The goal of the present research is to proceed with the optimal trajectories of
the case study missile towards a set of predefined targets for a variety of objectives.
Therefore, the trajectory model and the optimization tool implemented through this
study are demonstrated below.

3. Methodology

3.1. Flight trajectory model

As illustrated in Fig. 3a, the Earth local Up-East-North coordinate system is
denoted by Mxyz. The missile state is fully defined by the six elements (r, ¢, 6,V, Y,
), namely the missile radial distance measured from Earth center, latitude, longi-
tude, velocity, flight path angle (FPA) measured positively in the upward direction,
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Fig. 3. Coordinate systems notation

and heading angle (HA) measured positively to the right, respectively. Investigating
the dynamics of guided missiles, this study assumes the neglect of the transient
state resulting from control surface deflection, thereby maintaining aerodynamic
moments continuously at zero, denoted as “trimmed flight”. Therefore, the mis-
sile dynamics are characterized by a three-degrees-of-freedom (3DoF) point-mass
motion, considering a spherical and rotating Earth. To succinctly represent these
dynamics, the equations are summarized as [25],

F=VsinY, (2)
é =V cosYcosy/r, 3)
6 =V cos Y siny/rcos @, 4)
. F
V="0_gsinY +w’rcos¢ (sinY cos ¢ — cos Y cosy sin @) , %)
m
. F 14 2
Y= (8 2 cosY+ﬂcos¢(cosYcos¢+sinYcos¢Sin¢)
mV \V r \%4
+ 2w cos ¢ siny, (6)
. _wa V . .
= ———— — —cos Y siny tan ¢ + 2w (tan Y cos ¢ cos ¥ — sin ¢)
mVcosY r
2
__er sin Y sin ¢ cos ¢, 7

VcosY
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where, m and V are the missile mass and velocity, respectively. w = 7.3x 107> rad/s
is the Earth rotation rate, g = 9.81(R/r)? is the Earth gravitational acceleration,
and R = 6378 km is the mean Earth radius. As illustrated in Fig. 3b, Fr, L, D,
and S are the missile thrust, lift, drag, and side force, respectively. @ and  are
the missile angle of attack (AOA) measured positively nose-up, and the sideslip
angle measured positively nose-right. Fy , Fy, , F;, are the missile external forces
acting in the wind frame O, X,V Zyy -

Fy, =Frcosacosf—D, (8)
Fy, =—Frcosasinf - S, 9)
F,, =Frsina+L. (10)

All atmospheric properties of concern, namely, density and speed of sound,
are calculated based on the US standard atmosphere 1976. The values of lift, drag,
and side force coeflicients are estimated using the AeroMac tool [30]. It is a semi-
empirical engineering tool, developed by the research group, and validated using
the same missile [31]. All calculations for aerodynamic coefficients are performed
with fins in X-orientation.

3.2. Trajectory optimization tool

In this study, a commercial, well-validated non-linear MATLAB-based soft-
ware GPOPS [32] is adopted to be the optimal control tool. Validation of this
tool was reported by Roh et al. [33] as the optimal trajectory for a guided missile
was attained. The applied trajectory optimization tool [32] employs the Radau
Pseudospectral Method (RPM). Optimization tool setup includes automatic scal-
ing. A finite-difference approach is employed for the derivatives estimation, with a
mesh accuracy target of 107> and up to five refinement iterations per solution.

Computations were performed on a Dell Core i7 system with 16 GB RAM, and
typical runtimes per scenario ranged from 2.5 to 8 minutes, depending on problem
complexity and mesh density. Solver log files and mesh histories were reviewed to
confirm convergence and solution quality.

The trajectory optimization problem includes many constraints, defining both
convex and non-convex constraints [34]. Convex constraints enforce limits on
dynamic pressure and load factor to ensure structure integrity, control limits in
terms of the missile AOA, and other state bounds at launch, burn-out, and impact.
Non-convex constraints include terminal requirements, namely the missile impact
velocity and flight-path angle, and rate constraints on in-flight parameters (e.g.,
maximum allowable rate of change of flight-path angle and AOA). For numer-
ical robustness, path and rate constraints were implemented directly within the
transcription and monitored during mesh refinement to ensure feasibility.
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3.3. Problem setup

The entire trajectory is divided into two phases, namely, active (powered) and
passive (unpowered) phases. To decide the appropriate phase for flight control,
numerous flight simulation trials are done with variable initial FPA (40° : 80°).
Features of the resulting trajectories are compared in Fig. 4 below, showing the
corresponding velocity and dynamic pressure variations with flight time. Clearly,
in the active phase, the missile encounters a transonic regime (characterized by
excessive drag rise) as well as extreme and abrupt variations in dynamic pressure
values. To avoid these issues and the adverse impact of missile axial acceleration on
control effectiveness, the control is decided to be implemented through the passive
phase only. The initial FPA is limited to not exceed 70° to avoid the transonic
regime flight, as inferred from Fig. 4a.
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Fig. 4. Flight performance for different launch conditions (FPAs)

To ensure control effectiveness, structure integrity, and pitch-down glide ma-
neuvers through the missile passive flight [7, 16, 35], a set of constrained flight
problems is assumed. Eventually, limit values for path and control constraints in
both flight phases are listed in Table 1. Eventually, three events are defined, namely,
launch, burnout, and impact, defining the terminals of active and passive phases

of the trajectory. The sideslip angle is set to zero over the whole flight to impose
pitch-only control through this study.
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Table 1. Path, and control constraint limit values

) Bounds
Constraint
Active phase Passive phase
AOA, «a, [°] 0 -10++10
Dynamic pressure, g [kPa] 0.1 =500 5 +500
Load factor, n [g] -5.0++5.0
FPA rate of change, Y [°/s] -5.0 = -0.01
AOA rate of change, & [°/s] 0 -5.0++5.0

3.4. Design of trajectory optimization cases

Based on the launch site (LS) data, 29.9° latitude and 32.5° longitude, eight
different targets (T1-T8) were distributed arbitrarily in range and heading (mea-
sured CW from the north direction). These targets are defined as T1 (125 km, 20°),
T2 (130 km, 270), T3 (150 km, 350°), T4 (165 km, 320°), T5 (175 km, 235°),
T6 (185 km, 165°), T7 (220 km, 150°), and T8 (235 km, 100°). These targets are
chosen such that their ranges are less than the maximum range of the missile in
concern. Clearly, for unguided missiles, hitting targets located at ranges less than
the maximum can be achieved by following two distinct trajectories, namely the low
and high flight trajectories corresponding to the elevation of maximum range [36].
For the present study, only the low-flight trajectories are adopted for all targets of
concern. In addition, only pitch control is considered. Instead of using yaw control,
the launch heading angle (HA) is optimized to account for drift due to the Earth
rotation.

It is important to first define the trajectories that extremize the range of the
missile via both free flight OT1 and constrained flight OT2. Then, the Launch
conditions are solved for both free flight OT3 and constrained OT4. Finally, the
trajectory optimization problems OT5—OT7 are solved by maximizing the impact
velocity and/or minimizing the control budget.

4. Results and discussion

4.1. Check of extreme ranges (OT1 and OT?2)

To conclude the extreme ranges through both free and constrained flights, both
optimization cases OT1 and OT?2 are solved by applying the terminal cost function
(Mayer term) listed in equation (1). As illustrated in Fig. 5, the 3D trajectory profiles
for both cases indicate that the maximum and minimum ranges are consequently
achieved for eastward and westward fires, respectively.
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Fig. 5. 3D trajectory profile

For the first case, OT1, the maximum range of 258.6 km is attained by launch-
ing the missile eastward with 94.95° heading (H) and an elevation of 61.12°. In
contrast, the minimum range of 128.2 km is obtained by launching the missile
westward with 265.13° heading and an elevation of 40°. In the second case, OT2,
both extremes are obtained by launching the missile at an elevation of about 48°,
satisfying the dynamic pressure bound limits as listed in Table 1.

It is noticed that, by adding control, the missile maximum and minimum ranges
are decreased by 6.4% and 23.4%, respectively, which is the cost of fulfilling the
safety and integrity considerations of the missile.

Fig. 6 illustrates state variations for different extreme range cases. Sharp ma-
neuvers have been observed in the OT2 minimum range, aimed at reducing the
range without violating constraints. In this scenario, most values of AOA are on the
negative side (i.e., nose down, dive maneuvers), as shown in Fig. 6b. Conversely,
for the OT2 maximum range, the majority of AOA values are on the positive side
(i.e., glide maneuvers), directing the missile to glide through the dense atmosphere
up to approximately 35 km. Finally, it is confirmed that all predefined targets of
concern lie within the extreme ranges of the case study.
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Fig. 6. Results for the OT2 case
4.2. Launch conditions with free flight (OT3)

The optimal trajectory problem is solved by applying the terminal cost function
(Mayer term) for the eight predefined targets by adjusting both launch angles FPAs,
and HAs. As the initial FPA is constrained to a minimum of 40°, the range of T1
is not attainable as it falls below the minimum range when accounting for Earth
rotation and curvature, i.e., it is not possible to reach T1 via a free-flight. Apart
from T1, the optimum initial FPA increases monotonically with the target range
from 40° for T2 to about 51° for T8. In addition, as the launch FPA increases,
gravity loss in vehicle velocity increases while drag loss decreases due to a sharp
decrease in air density. This may explain the monotonic rise in burn-out velocity as
well as summit velocity (more noticeably) and altitude with launch FPA. Finally,
the deviation between impact and launch HAs increases due to the combined
effects of Earth rotation and the direction of fire. More pronounced deviation
concluded as both the flight time and the absolute cosine of the target azimuth
increased.

4.3. Optimum launch conditions with constrained flight (OT4)

In this case, constraints are imposed as listed in Table 1, where in-flight aero-
dynamic control (i.e., AOA) is activated through the missile passive flight phase.
The optimization problem in this case is solved to determine the launch conditions
ensuring hitting the predefined targets while adhering to the imposed constraints.

Unlike in OT3 solutions, all targets (T1:T8) are reachable using a close initial
FPA of about 48°, which satisfies constrained dynamic pressure as mentioned in
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the OT2 problem. Hence, the corresponding summit velocities are very close with
different altitudes (to satisfy the dynamic pressure constraint of 5 kPa). On the other
hand, the impact velocities are also close across all targets except the minimum for
the maximum range T8, indicating that the constrained dynamic pressure limits its
summit. Therefore, a gliding phase is presented that degrades the missile velocity
to extend the range to reach target T8. Sample optimum trajectory features for T8
are illustrated in Fig. 7. One significant remark can be addressed as the missile
near the summit experiences the minimum dynamic pressure limit. To maintain an
adequate lift force sufficient to glide toward the downrange T8, the AOA increases
and maintains its upper bound for about sixty seconds while coasting through the
summit layer.
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Fig. 7. Results of OT4 for the predefined target T8

4.4. Constrained flight for maximum impact velocity (OT5)

Herein, the optimized constrained trajectory problem with maximum impact
velocity applying the terminal cost function (Mayer term) for the eight predefined
targets is solved. In this problem, the launch angles that ensure hitting the target
with a maximum impact velocity (i.e., maximum lethality) while satisfying the
constraints are sought. It can be concluded that the maximum attainable ground
impact velocity for all targets except T8 is about 900 m/s, considering the sea-level
air density of 1.225 kg/m>. The impact velocity of T8 is about 780 m/s, as the upper
portion of the trajectory was constrained as a no-fly zone, restricting the flight to
altitudes below approximately 35 km with a velocity of around 1200 m/s. Conse-
quently, an extended glide phase was necessary to compensate for the resulting
range shortfall, which significantly reduced the vehicle’s impact speed.

The set of graphs in Fig. 8 shows the optimum constrained missile trajectory
features for the target T8 as a sample. Clearly, more controller effort is needed as
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compared with the OT4 case. To simultaneously obey the constraints, the additional
control effort is applied in the summit layer where the dynamic pressure is minimal.
This is shown by contrasting the AOA profiles for both cases in this layer.
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Fig. 8. Results of OTS5 for the predefined target T8

4.5. Constrained flight with minimum control budget (OT6)

The focus here is drawn to flight with minimum aerodynamic control effort
through missile unpowered flight. Therefore, the mean control budget through flight
time is implemented as the optimizer fitness function by applying the integrand of
a running cost function (Lagrange term), as represented by [37],

Ly
1
= 11
Q At - |a’max| ‘/a(t)dt’ ( )
1223

where, 15, 17, and At = t ¢ — 1;, are the burn-out, impact, and controller application
time, respectively, while @y is the maximum allowable AOA as listed in Table 1.

The set of graphs in Fig. 9 shows the variation of missile trajectory performance
with time for the predefined target T8 as an example. As can be inferred from the
above results, the need to minimize the aerodynamic control effort implies flight
at a lower altitude (i.e., higher dynamic pressure) such that the control force can
be attained at smaller AOA values. This can be addressed by contrasting summit
conditions in OT6 with those in OT4.

As illustrated in Fig. 9, the control effort is nullified over the summit layer for
about 95 seconds (from 44 to 122 seconds) while it is applied through the subse-
quent high dynamic pressure layers. A degradation in impact velocity emerges as a
costin OT6, as the missile coast at a lower flight altitude, causing the corresponding
drag loss to increase.



www.czasopisma.pan.pl P N www.journals.pan.pl
N
POLSKA AKADEMIA NAUK

Multi-objective trajectory optimization for guided surface-to-surface missiles 55

j\‘ / \ {

FPA [°]
AOA [°]

v :

0 20 40 60 80 100 120 140 160 180 200 220
Flight time [s]

500

[°/s]

o
DR LN = O =

press. [kPa]

FPA_dot
Dyn.

5
0 20 40 60 80 100 120 140 160 180 200 220
Flight time [s]

Fig. 9. Results of OT6 for the predefined target T8

4.6. Constrained flight with maximum impact velocity and minimum
control effort (OT7)

Flight control aims at achieving two objectives, prioritized as follows: (1) sat-
isfying flight constraints to achieve the required range, and (2) maximizing impact
velocity with a minimum control budget (Bolza problem). As an example, compared
to the two simulation cases, OT5 and OT6, intermediate values for the maximum
impact velocity are obtained since minimizing control effort is simultaneously and
equally taken into consideration. The control objective dominates over the impact
velocity objective. Additionally, as concluded in Fig. 10, control commands during
the coast phase have less importance than the descending phase. So, focusing con-
trol effort during the descent phase is more efficient (i.e., terminal control). This is
evident in practice; for long-range guided missiles, terminal control outperforms
coast control.

80 10
= 40 55
0 0o <
é 3
-40 5 <
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Fig. 10. Results of OT7 for the predefined target T8
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4.7. Performance tradeoffs

In-flight constraints introduce performance tradeoffs while ensuring missile
safety and structural integrity. Applying the free-flight solution OT3, a monotonic
increase in the impact velocity with increasing the target range is experienced, as
shown in Fig. 11. Nonetheless, OT4 may result in an increase or decrease in impact
velocity compared to the free-flight case. This is dictated by the change in launch
FPA. Therefore, maximizing impact velocity, OTS5 is attained by achieving higher
summit altitudes and steepening the impact FPA. Conversely, minimizing control
effort, OT6 favors flight at lower altitudes, applying terminal control strategies to
maximize control efficiency as in practical applications. A notable observation near
the trajectory summit is that the missile encounters minimum dynamic pressure,
which necessitates maintaining the angle of attack at its upper limit for extended
durations to sustain lift (OT4 and OT5). This drawback is overcome in the case of
minimum control effort objectives (OT6 and OT7). Furthermore, the simultaneous
consideration of both objectives, OT7, negatively affects impact velocity across all
ranges except the medium-range targets (TS and T6). On the other hand, control
demand increases, resulting from applying turn maneuvers to increase the FPA and
hence increase gravity gain during descent flight. It is clear that the control budget,
(t7 — tp)|@max|, was not completely exhausted for the majority of cases, as shown
in Fig. 12. For instance, OT4 consumes about 40% to 60% of the control budget.
For OT6 and OT7, less than 20% of the control budget is consumed.

B0T3 B0T4 #BOoT5 B0T6 a0T7

T1

Fig. 11. Variation of impact velocity with different optimization problems

BOT4 B0TS5 B0T6 aoT7

Control effort O

T1

Fig. 12. Variation of the control effort with different optimization problems
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It is of interest to examine the impact of reducing the AOA limits on flight
performance. In addition to the original AOA limits considered above, additional
simulations are conducted with reduced limits of |@max| = £5° to the cases OT4
and OTS5, targeting three representative scenarios: minimum, maximum, and inter-
mediate downrange (T4). The reduced AOA limits resulted in a new minimum and
maximum downrange of 128 km and 226 km, respectively. Consequently, targets
T1 and T8 become unreachable, with downrange losses of 2.4 and 3.8%, respec-
tively, despite nearly complete utilization of the control budget (about 95% and
80%, respectively), as shown in Fig. 13.
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(a) AOA limits = £10° (b) AOA limits = +5°

Fig. 13. Results of OT4 with AOA limitations

For OT5 simulations, in the case of reduced control limits, as illustrated in
Fig. 14, the control budget is already fully expended to reach the constrained
minimum and maximum ranges, resulting in no velocity improvement. However,
for the intermediate target T4, the control effort is significantly exhausted for both
OT4 and OTS5 problems (about 74% and 89%, respectively), leaving less margin
for in-flight disturbance mitigation.
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Fig. 14. Results of OTS with AOA limitations

5. Conclusion

This study proposed an offline trajectory optimization framework for an aero-
dynamically controlled surface-to-surface tactical missile. A 3DoF point-mass mo-
tion flight model was developed and coupled with a commercial MATLAB-based
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optimization tool. A total of 44 flight trajectory optimization problems are explored
with different design objectives. The integration of in-flight constraints into the tra-
jectory optimization of a tactical missile introduces notable performance tradeofts.
Adding dynamic pressure constraints leads to limiting the summit altitude of the
trajectory with reduced impact velocity. The imposition of a minimum initial FPA
of 40° may restrict the engagement of short-range targets, which is unattainable
in a free-flight solution. The impact of Earth curvature results in nearly parabolic
free-flight trajectories, while the combined effects of Earth rotation and launch
azimuth increase deviations between launch and impact headings, especially when
flight time and target azimuth cosine increase. Compared to free-flight trajecto-
ries, the maximum and minimum downrange for constrained flight are reduced as
a mandatory cost of maintaining missile safety and structural integrity. Multiple
feasible solutions are observed in constrained flight scenarios without imposing
optimization objectives, reflecting the flexibility in control strategies. However, the
introduction of flight control, including gliding phases and turn maneuvers, typi-
cally reduces missile velocity due to increased drag. Minimizing the control budget
implies the flight at lower altitudes. This, in turn, yields lower impact velocities
and hence, less lethality. The control budget is more dominant in defining the flight
trajectory parameters compared to the impact velocity objective. Changing the rel-
ative weights of the two objectives may result in different impact velocity values.
Building on the findings of this study, future investigations should aim to extend
the presented framework to incorporate six-degree-of-freedom dynamics, aerody-
namic coupling, and stochastic environmental disturbances. In addition, real-time
optimization algorithms could be explored to enable adaptive trajectory updates in
response to changing mission or environmental conditions.
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