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Abstract: Thrust vector control (TVC) might be used to control aircraft at large altitudes and in
post-stall conditions when aerodynamic control surfaces are ineffective. This study demonstrated
that the implementation of the TVC on high-speed aircraft is a reasonable solution and might be an
alternative when compared to the complicated reaction control system or large aerodynamic control
surfaces. The numerical flight dynamics model of the X-15 experimental aircraft was developed
and implemented in MATLAB/Simulink and then used to investigate the proposed solution. The
obtained results indicate that the aircraft, equipped with full 3D thrust vectoring and two independent
horizontal stabilizers to control the roll angle, was able to achieve flight along the path that was
defined by a set of waypoints. This paper also highlights the potential benefits and challenges of
using TVC as a control method for aircraft. The results of this study contribute to the growing body
of research on aircraft control and simulation. Future work can explore the use of TVC for other
aircraft with unique configurations and low maneuverability features.

Keywords: X-15; thrust vectoring; path following; hypersonic vehicle

1. Introduction

The effectiveness of movable aerodynamic control surfaces depends on the flight
speed and the density of the air. Control surfaces lose their effectiveness quickly at low
flight speeds [1]. Moreover, at high altitudes, as the density of the air decreases, these
aerodynamic control surfaces cannot guarantee a proper object response. On the other
hand, at supersonic speeds, aerodynamic heating could complicate the task even more. To
overcome the problems mentioned above, thrust vectoring control (TVC) might be used.
TVC might be divided into two main categories: mechanical and fluidic [2–8]. To realize
the mechanical actuation of TVC, several technological methods could be used: gimbaled
engines, Vernier thrusters, jet vanes, axial plates, movable nozzles, etc. There exists various
kinds of fluidic thrust vectoring [9]: shock wave TVC, bypass shock wave TVC, coflowing
TVC, counterflowing TVC, dual throat nozzle TVC and bypass dual throat nozzle TVC.

In this article, the research concentrated on the main motor thrust deflection for
hypersonic vehicles using mechanical devices. Furthermore, several designs such as
tiltrotors (for example, V-22 Osprey) or vertical and/or short take-off and landing aircraft
(e.g., Harrier), are often classified in the TVC category, but these are outside the scope of
the presented study.

The existing literature often refers to the application of TVC on military fighter aircraft.
Liu et al. [10] developed three independent controllers for three channels to realize the
Herbst maneuver. Zhou et al. [11] investigated the usage of the L1 Adaptive Control
Law on a small-scale model of F35B. Dinca and Corcau [12] investigated the use of TVC
combined with canard control surfaces but in the context of a low-speed vehicle. Raghaven-
dra et al. [13] addressed the problem of spin recovery without and with the use of TVC.
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Yushan et al. [14] contributed to the topic of using TVC in the take-off phase of flight
but did not present the detailed results. The results of the experimental measurements
of fluidic TVC were reported by Neely et al. [15], but were without an extensive flight
dynamics simulation analysis. Practically, thrust vectoring was used by several military
jets to significantly increase maneuverability [16]. With the use of TVC, effective control
at large angles of attack in the post-stall region might be achieved [17]. For delta-shaped
wings, the maximum range of the angles of attack is up to 35◦, as suggested in [18]. TVC is
used in Russian fighters such as the Su-27 [19], Su-35 [20,21] and MIG 29 OVT. The nozzles
operate in one plane but are canted 32◦ outward from the engine axis. In that way, it is
possible to realize the change in aircraft orientation in the pitch and yaw planes. TVC is also
considered as an upgrade for the EJ200 engine that is used on a Typhoon Eurofighter [22,23].
The F-22 [24] adopted thrust vectoring in one plane. Both nozzles are parallel and could
influence only the pitch rate of the aircraft. Yaw rate control was not used because it
requires a more sophisticated mechanism to lower the stealth capabilities. There were a
number of experimental technology demonstrators (X-31, F-15-STOL/MTD, X-62 VISTA,
and F-18 HARV), but they did not come into mass production [20,25,26].

However, even for aircraft, this type of control is not widely used due to several
disadvantages. It requires additional mass and volume. In addition, it increases the
complexity of the system, and the risk of failure is higher when compared to typical
engines. This mechanism increases maintenance costs. Using only control surfaces at high
altitudes is very ineffective.

Several studies presented the implementation of flight simulation models for various
other research topics in aerial vehicle control. The kind of actuator assumed in the study
is used in space rockets due to the fact that it can operate in the vacuum of space, where
classical aerodynamic control surfaces cease to be effective. Jenie et al. [27] investigated
the control of the Falcon 9 rocket using thrust vectoring. The topic of TVC and similar
solutions gained significant attention among missile engineers over the years, in the context
of military applications. Moreover, recently, several interesting studies were presented.
For example, Liu and Wang [28] investigated the use of TVC to realize the rapid turn
in the vertical launch missile system. Studies such as [29] focused on the use of lateral
thrusters to reduce the impact point dispersion. Meanwhile, Glebocki and Jacewicz [30]
investigated the use of gasodynamic control together with a modified guidance scheme
for rocket artillery projectiles. Finally, Glebocki and Jacewicz [31,32] analyzed the use of
small lateral thrusters to realize the cold vertical launch of the projectile. From a practical
point of view, several military projectiles, such as AIM-X9 [33,34] and MICA [35], use TVC
to increase agility.

The use of TVC for hypersonic vehicles was also investigated, but it seems that it
was investigated with less attention when compared to the previously mentioned topics.
The appropriate design of the control system is one of the most demanding tasks in the
development of a hypersonic vehicle. An excellent survey of control methods that can be
adopted for high-speed vehicles was presented by Bin and ZhongKe [36]. Ding et al. [37]
discussed the comparison of various control methods of hypersonic vehicles. However, they
also presented a review of the guidance laws. Bliamis et al. [38] proposed the shock control
bump concept but presented only the results of the CFD analysis. Falkiewicz et al. [39]
presented an analysis of how to include the aerothermoelastic effects into the simulation of
a hypersonic vehicle. Moreover, Chen et al. [40] studied the use of the L1 adaptive control
for a model of the generic hypersonic vehicle.

It was obtained that in the literature there exists a significant gap on the topic of TVC
in the context of hypersonic vehicles with very limited control authority. The existing
studies often concentrate on the application of TVC on military fighters or on missiles to
increase its maneuverability.

The primary motivation for the presented study was to investigate the feasibility of
the main motor TVC for a high-speed vehicle. The X-15 vehicle’s aircraft was chosen as a
test platform due to its non-standard configuration and low maneuverability features. One
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of the most important challenges is the high-damping of the lateral motion that is caused
by the large vertical stabilizers. Moreover, this vehicle is quite well documented in publicly
available reports, and the geometric, mass and aerodynamic data are obtainable.

The main contribution of this paper is the implementation of the path-following
control that is achieved by using the TVC control algorithm for the X-15 experimental
aircraft. The aircraft was assumed to be equipped with a full 3D thrust vectoring system
and two independent movable horizontal stabilizers that when deflected differentially
are used to control the roll angle. That means the thrust might be deflected in pitch and
yaw planes. This configuration is rather typical for military projectiles and is rarely used
in aircraft. Using TVC might be a reasonable alternative to a reaction control system or
large movable aerodynamic control surfaces. Furthermore, the X-15 was not designed to
perform maneuvers at high speeds, as the object was designed to fly along a straight path.
The unusual configuration with the low aspect ratio makes maneuvering difficult without
putting additional strain on the aircraft structure or the pilot in command. Realizing agile
maneuvers at a high speed leads to high g-loads. The abovementioned problem occurs
regardless of which actuation method is used (TVC, reaction control system, or aerodynamic
control surfaces).

The organization of the remainder of this article is as follows: In Section 2, the modified
X-15 test platform was briefly described. This is followed by Section 3, in which the flight
simulation model of the object was presented. In Section 4, the control system structure
was shown. In Section 5, the obtained results are presented and discussed. The article ends
with a summary of the main findings. Moreover, further research directions are suggested.

2. Test Vehicle

To perform the numerical simulations of the controlled flight, the rocket-powered
X-15 aircraft (North American Aviation, Inc., Los Angeles, CA, USA) (Figure 1) was used
as a test platform. The original X-15 aircraft was equipped with two elevators that can
be deflected independently. The roll angle was controlled by the differential elevator
deflections. The real X-15 initially was also equipped with two liquid-propellant Reaction
Motors XLR11 (Reaction Motors Inc., Denville, NJ, USA) that could produce a total 71 kN
thrust. Later, these engines were replaced by a single XLR99 motor (Reaction Motors
Division of Thiokol Chemical Corporation, Denville, NJ, USA) with a 250 kN thrust.

For the presented study, several assumptions were made. The model of the first
version of the propulsion system was used. It was assumed that the main motor opera-
tional duration is 180 s with a maximum thrust magnitude of 71 kN. In that way, for the
purposes of the presented study, it was assumed that the maximum possible speed during
the controlled flight was approximately up to Mach number 2. For the analysis, it was
assumed that pitch and yaw angles are influenced using only the deflectable engine nozzle.
The maximum nozzle deflection angles and elevators’ deflections were set to ±15◦ [41].
For the original X-15, the minimum turn radius was approximately 66 km, and, based
on that, the maximum allowed lateral load was 4 g. The data from [41,42] were used as
input parameters for the vehicle model. Table 1 contains the necessary mass properties and
reference parameters of the X-15 aircraft.
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(a)

(b)

Figure 1. X-15 experimental hypersonic aircraft. (a) Aircraft photo; (b) three view drawings of the
actual aircraft.

Table 1. X-15 experimental aircraft data.

Parameter Symbol Value Unit Source

Mass (zero fuel) m0 7057.89 kg [42]

Moment of inertia (zero fuel) Ixx0 4948.74 kg ·m2 [42]

Moment of inertia (zero fuel) Iyy0 108,465.44 kg ·m2 [42]

Moment of inertia (zero fuel) Izz0 111,177.07 kg ·m2 [42]

Product of inertia (zero fuel) Ixz0 = Izx0 799.93 kg ·m2 [42]

Mass (at launch) m f 25,849.50 kg [43]

Moment of inertia (at launch) Ixx f 18,127.01 kg ·m2 Estimated

Moment of inertia (at launch) Iyy f 397,302.82 kg ·m2 Estimated

Moment of inertia (at launch) Izz f 407,237.03 kg ·m2 Estimated

Product of inertia (at launch) Ixz f = Izx f 2930.11 kg ·m2 Estimated

Mean aerodynamic chord c̄ 3.13 m [41,42]

Wing span b 6.81 m [41,42]

Reference area Sre f 18.58 m2 [41,42]

Aspect ratio Λ 2.5 - [41,42]

Oswald efficiency number e 0.9 - Estimated
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It was assumed that the aircraft is equipped with external fuel tanks to ensure 180 s of
operation of the main motor.

3. Flight Simulation Model

The MATLAB/Simulink six degrees of freedom (DOF) Earth-centred Earth-fixed
(ECEF) quaternion-based nonlinear mathematical model was used. This model describes
the equations of motion with respect to a rotating ECEF frame of reference [44]. These
equations of motion are solved with respect to the center of mass of the object, which is
assumed to be rigid [45]. Meanwhile, the Euler angles φ, θ, ψ that describe the orientation
of the body-fixed frame Obxbybzb in space are defined with respect to a gravity coordinate
system Ogxgygzg (See Figure 2). For further simplification, the mass and inertia of the
object are assumed to be constants. The sum of forces and moments (evaluated with respect
to the center of mass) are described by Equations (1) and (2).

m(~̇Vb + ~ωb × ~Vb + CB
E~ωe × ~Vb + CB

E × (~ωe × (~ωe ×~rb))) = FA + FG + FT (1)

I ~̇ωb + ~ωb × (I~ωb) = MA + MT (2)

where:

m—Aircraft mass;
~̇Vb—Linear acceleration vector in the body coordinate system;
~ωb—Angular velocity vector in the body coordinate system;
~ωe— Earth’s angular velocity vector;
~Vb—Velocity vector in the body coordinate system;
~rb—Aircraft position vector in the Earth-centered Earth-fixed frame;
~̇ωb—Angular acceleration vector in the body coordinate system;
CB

E—Transformation matrix from Earth-centered Earth-fixed frame to the body coordinate system;
I—Mass moment of inertia tensor with respect to the center of mass;
FA—Aerodynamic force vector;
FG—Gravitational force vector;
FT—Thrust force vector;
MA—Aerodynamic moment vector;
MT—Thrust moment vector.

The Coriolis effect plays a significant role and is expressed in Equation (1) by terms
~ωb × ~Vb + CB

E~ωe × ~Vb. This is an apparent force, and in the Northern Hemisphere it tries to
deflect the trajectory of the moving object to the right. In that way, the object has a tendency
to drift sideways from the nominal direction.

Figure 2. Body-fixed coordinate system Obxbybzb, gravity coordinate system Ogxgygzg, and atti-
tude angles.
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The gravitational acceleration was assumed to be constant (g = 9.81 m/s2) in the NED
(North-East-Down) frame of reference. The gravitational loads in the body-fixed frame are
described by Equation (3).

FG =

 −mg sin(θ)
mg cos(θ) sin(φ)
mg cos(θ) cos(φ)

 (3)

Accurate modeling of aerodynamic forces and moments is crucial for simulations of
aerospace vehicles. The aerodynamic model utilized in the study incorporates features
of aerodynamic incidence angles’ periodicity and the effects of control surfaces on the
projectile. For this study, the effects of control surfaces have been included; however, the
model has been simplified to include the most crucial aspects of aerodynamic forces (see
Equation (4)) and moments (see Equation (5)) in the conducted analysis.

FA =
1
2

ρv2
ASre f

CB
A

−CD
CS
−CL

 (4)

MA =
1
2

ρv2
ASre f

 b× Cl
c̄× Cm
b× Cn

 (5)

where:

ρ—Air density;
Sre f —Reference area;
vA—Aircraft’s velocity magnitude relative to the airflow;
CB

A—Transformation matrix from aerodynamic to body frame;
Ci—Coefficients of drag, side force, lift and rolling, pitching and yawing moments for
i = D, S, L, l, m, n, respectively,

The relationship between the body frame Obxbybzb and the aerodynamic frame
OAxAyAzA with the definition of the aerodynamic incidence angles and the vectors of aero-
dynamic loads was presented in Figure 3. The transformation matrix from the aerodynamic
frame to the body frame can be observed in Equation (6) in addition to Equations (7) and (8),
which define the angle of attack α and slide slip angle β obtained from [46].

Figure 3. Aerodynamic coordinate system and incidence angles.

CF
A =

cos(α) cos(β) − cos(α) sin(β) − sin(α)
sin(β) cos(β) 0

sin(α) cos(β) − sin(α) sin(β) cos(α)

 (6)
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α = arctan
(

Vb3

Vb1

)
(7)

β = arcsin
(

Vb2

|Vb|

)
(8)

The total aerodynamic coefficients of the X-15 hypersonic vehicle were obtained
through reports found in [42]. These coefficients depend on various variables such as the
Reynolds number, Mach number, incidence angles, surface roughness, etc. A common
approach in the field of aerodynamics is to analyze nondimensional aerodynamic coeffi-
cients; this provides a clearer understanding of vehicle performance. The total coefficients
are comprised of derivative coefficients that are Mach number dependent, and the non-
dimensional aerodynamic coefficients utilized in the aerodynamic model were defined
in Equations (9)–(14).

CD = CD0(M) +
C2

L
eΛπ

(9)

CY = CYβ
(M)β + Cyδa(M)δa (10)

CL = CL0(M) + CLα(M)α (11)

Cl = Clβ
(M)β + Clp(M)

bp
2vA

+ Clr (M)
br

2vA
+ Clδa

(M)δa (12)

Cm = Cmα(M)α + Cmq(M)
c̄q

2vA
+ Cmα̇(M)

c̄α̇

2vA
(13)

Cn = Cnβ
(M)β + Cnp(M)

bp
2vA

+ Cnr (M)
br

2vA
+ Cnδa

(M)δa (14)

where:

M—Mach number;
δa—Aileron deflection angle;
p—Rolling angular rate;
q—Pitching angular rate;
r—Yawing angular rate;
α̇—Angle of attack derivative.

For the purpose of this study, the thrust generated by the X-15 aircraft was assumed to
be a constant magnitude of 71 kN (TE) for 180 s of motor operation. The deflection angles
of the thrust vector γ (in pitch plane Obxbzb) and ε (in yaw plane Obxbyb) are defined
in Figure 4. The components of the thrust force FT and the torque MT generated by this
force are defined by Equations (15) and (21). The distance between the center of the mass
of the aircraft and the nozzle rnozzle was assumed to be 6 m.

Figure 4. Thrust vector deflection angles.
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FT =

TE cos(γ) cos(ε)
TE sin(ε)
TE sin(γ)

 (15)

MT =

rnozzle
0
0

× FT =

 0
−rnozzleTE sin(γ)
rnozzleTE sin(ε)

 (16)

The International Standard Atmosphere (ISA) was utilized for computing the static
pressure, temperature, air density, and speed of sound for the respective flight altitude.
Equations (17)–(20) were used to define atmospheric parameters based on [47].

ρ(H) =
p(H)

RT(H)
(17)

p(H) = p0e
−

g
RT0

(H−H0)
(18)

T(H) = T0 + L0(H − H0) (19)

a(H) =
√

kRT(H) (20)

where:

H—Geopotential altitude;
H0—Reference altitude;
T(H)—Ambient temperature at the altitude H;
T0—Ambient temperature at the altitude H0;
L0—Temperature gradient above H0;
p0—Pressure at H0;
g—Gravitational acceleration;
R—Gas constant of air;
ρ(H)—Air density at the altitude H;
a(H)—Speed of sound at the altitude H;
k—Specific heat ratio.

4. Guidance Navigation and Control

The study assumed that the object should fly along a predefined trajectory in an
autonomous mode. The trajectory for each flight scenario was defined by a set of waypoints.
These waypoints were specified by the system’s user taking into account the performance
limitations of the object.

4.1. Waypoint Guidance

Guidance logic developed by Park et al. [48] was adopted in this study. This algo-
rithm requires a list of waypoints as inputs and several parameters. The outputs are the
three coordinates of the lookahead point and the commanded yaw angle. The minimum
lookahead distance was set to 400 m and the acceptance radius of the waypoint was 100 m.

4.2. Autopilot Control Algorithm

The autopilot control algorithm output signal comprises three control channels: roll
control channel, pitch control channel, and yaw control channel. The roll control channel
outputs the desired differential elevators’ deflection angle in order to ensure a roll stabiliza-
tion; this was the sole requirement for this control channel. Furthermore, the pitch channel
outputs the desired nozzle deflection angle γ in the Obxbzb plane; this causes the aircraft to
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pitch. On the other hand, the yaw control channel outputs the desired nozzle deflection
angle ε in the Obxbyb plane, causing the aircraft to yaw. The inputs to the pitch and yaw con-
trol channels are the desired altitude change and the desired heading, which are computed
by the guidance algorithm, respectively. PID (proportional–integral–derivative) controllers
were utilized for all autopilot channels; Figure 5 present the autopilot schematics for each
control channel. Additionally, it should be noted that the elevators and nozzle deflection
actuators were modeled using first-order transfer functions:

γ(s)
γc(s)

=
1

Tγs + 1
(21)

ε(s)
εc(s)

=
1

Tεs + 1
(22)

where:

γc—Commanded nozzle deflection angle in Obxbzb plane;
εc—Commanded nozzle deflection angle in Obxbyb plane;
Tγ, Tε—Time constants.

The values of Tγ and Tε were obtained by the analysis of existing real systems and
assumed to be equal to 0.5 s.

Figure 5. Autopilot structure.

5. Mission Plan

The X-15 aircraft was designed as a result of the space race during the twentieth
century to overcome the tremendous challenge of designing such an experimental vehicle.
The pursuit of designing a vehicle capable of reaching the edge of space to push the
boundaries of human understanding into the hypersonic flow regime and fly past the
100 km of altitude led to this project by NASA. The main goal of the X-15 program was for
NASA to aid in the development of materials capable of surviving the heat of reentry and
the structures required for the stability and handling of the aircraft during hypersonic flight.
The original mission plan of the X-15 plan involved releasing the aircraft from a carrier
vehicle, which was followed by igniting the rocket motors powered by liquid propellant.
The aircraft then accelerated forward and pitched upwards to increase the flight altitude,
where the experimentation took place (see Figure 6). Several flights of the X-15 aircraft took
place during the program’s lifetime, with one flight achieving the record for the fastest
manned mission of the time by reaching a Mach number of 6.7.
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Figure 6. X-15 flight path [49].

As mentioned above, this article investigated the use of thrust vector control with
the aid of movable control surfaces to control the X-15 aircraft in the flight model. Several
mission scenarios were considered to check the control performance under four various
flight conditions. These are:

• Scenario 1—Uncontrolled flight.
• Scenario 2—The maneuvers were realized only in the pitch plane (similar to the

original mission plan of the aircraft).
• Scenario 3—The maneuvers were realized only in the yaw plane and the skid-to-turn

method was used to change the flight direction.
• Scenario 4—Couples’ pitch and yaw maneuvers using skid-to-turn strategy (the same

as in scenario 3).
• Scenario 5—Couples’ pitch and yaw maneuvers but the aircraft used the bank-to-

turn strategy.

6. Results

The developed model was implemented in a MATLAB/Simulink 2022a environment
(see model schematics in Figure 7). The equations of motion were solved using the Runge-
Kutta (RK4)-fixed step solver with step time 0.0005 s, with a total simulation time set to
180 s. To decrease the complexity of the analysis, no sensors were modelled, and the flight
parameters obtained from the equations of motion were directly used in the guidance and
control algorithms. The model was interfaced with FlightGear to visualise the aircraft
motion (Figure 8).



Energies 2023, 16, 2501 11 of 21

Figure 7. Simulation model schematics in MATLAB/Simulink.

Figure 8. X-15 flight visualization in FlightGear.

The initial conditions for all simulation scenarios can be found in Table 2.

Table 2. Simulation’s initial conditions.

Parameter Value Unit

Latitude 52.26 ◦

Longitude 20.91 ◦

Altitude 10,000 m

V0 270 m/s

φ0 0 ◦

θ0 0 ◦

ψ0 90 ◦

p0 = q0 = r0 0 ◦/s
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6.1. Scenario 1

As previously mentioned, in scenario 1, the aircraft was able to perform an uncon-
trolled flight. The TVC system was deactivated and not used to influence the aircraft
trajectory. That means the nozzle angles γ and ε were equal to 0◦. In Figure 9a, the
components of the aircraft velocity vector and the velocity magnitude were presented.
In Figure 9b, the Mach number, angle of attack, and sideslip were illustrated. Meanwhile,
in Figure 9c, the aircraft Euler angles were shown. Finally, the nozzle deflection angles
were presented in Figure 9d.
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Figure 9. Scenario 1 results. (a) Aircraft velocity; (b) Mach number, and α and β angles; (c) Euler
angles; (d) motor nozzle deflection angles.

The velocity of the aircraft rose during the flight until it reached a maximum value of
≈700 m/s, which was almost about Mach 2.5. The angle of attack and sideslip angles were
approximately zero. A slight jump in the pitch angle was noticed; this can be explained by
the aerodynamic characteristics of the aircraft and the effects from Coriolis forces. While
both nozzle deflection angles were equal to 0◦ because the thrust vectoring was not used in
the presented scenario.

In the longitudinal aircraft response (Figure 9a, third subplot) it is possible to observe
typical aircraft dynamic modes in the longitudinal motion: short period oscillations (with
a period of approximately 1.98 s) and phugoid (with a period of 130 s). The same effects
might be observed in changes of the angle of attack (Figure 9b, second subplot).

The three-dimensional trajectory is presented in Figure 10. On the vertical axis,
the change in altitude (actual value–initial value) was shown.
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Figure 10. Aircraft trajectory in scenario 1.

It can be observed from the results that there is a large drift in the lateral and vertical
directions; this occurs due to the Coriolis effects acting on the aircraft. This flight scenario
took place in the northern hemisphere of the globe. However, if one runs the exact scenario
in the southern hemisphere, the opposite drift in direction will happen. In addition, no
drift will be observed while flying along the equator.

6.2. Scenario 2

The simulations for the second scenario were then accomplished. The aircraft per-
formed a set of maneuvers only in a vertical plane, similar to the original mission of the
aircraft. The obtained results are presented in Figures 11 and 12. This time, at the begin-
ning of the flight, the aircraft velocity increased from 250 and up to 360 m/s (Figure 11a).
Then, the velocity autopilot successfully holds the speed at a constant level. The angle of
attack (Figure 11b) oscillated between −4◦ and +2◦. The angle of the sideslip is very small,
below 0.1◦, and changed smoothly. The roll angle (Figure 11c) was about 0◦. Moreover,
the autopilot in the pitch and yaw channels achieved the desired commands. Moreover,
the nozzle deflection angle γ in the pitch plane is much larger in magnitude when com-
pared to the angle in the yaw plane ε (Figure 11d). Some small oscillations were observed.
In a real application, such chattering should be eliminated or at least minimized. Finally,
the predefined path was tracked by the aircraft (Figure 12).
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Figure 11. Scenario 2 results. (a) Aircraft velocity; (b) Mach number, and α and β angles; (c) Euler
angles; (d) motor nozzle deflection angles.

Figure 12. Aircraft trajectory in scenario 2.

At the end of the flight, the lateral deviation from the nominal path is of the order
of several meters. The influence of the Coriolis force was compensated by the control
system in comparison to the uncontrolled mission. The nozzle deflection angle changed
very rapidly in Figure 11d. This chattering phenomenon might complicate, in reality, the
implementation of the mechanically actuated TVC for this particular object. However,
on the other hand, the fluidic TVC theoretically allows for obtaining quite a fast response.

6.3. Scenario 3

In scenario 3, the maneuvers were performed only in the horizontal plane. The autopi-
lot for the speed hold achieved its desired goal. The angle of attack decreased and after
40 s was equal to −1◦. However, the angle of the sideslip changed in a smooth way be-
tween −2.5◦ and +2◦. The roll angle was negligible (Figure 13c). The pitch angle oscillated
between −5◦ and +5◦. The yaw angle decreased slowly from 90◦ to 89.3◦. The chattering
phenomena of the nozzle deflection angle occurred (Figure 13d). However, the amplitude
of these oscillations is rather small. The control system followed the prespecified path
accurately (Figure 14).
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Figure 13. Scenario 3 results. (a) Aircraft velocity; (b) Mach number, and α and β angles; (c) Euler
angles; (d) motor nozzle deflection angles.

Figure 14. Aircraft trajectory in scenario 3.
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6.4. Scenario 4

Scenario number 4 was more complicated than the previous cases, because this time
the control was realized in the pitch and yaw plane simultaneously. The obtained results
are shown in Figures 15a and 16. The velocity hold autopilot was able to keep the aircraft
speed (Figure 15a). Meanwhile, the angles of the attack and sideslip were in the same order
and changed smoothly (Figure 15b).
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Figure 15. Scenario 4 results. (a) Aircraft velocity; (b) Mach number, and α and β angles; (c) Euler
angles; (d) motor nozzle deflection angles.

Figure 16. Aircraft trajectory in scenario 4.



Energies 2023, 16, 2501 17 of 21

The aircraft was able to fly along the prespecified path. The Coriolis effect influenced
the vehicle trajectory, but the control system could successfully eliminate unintended drift
from the nominal path. However, the aircraft’s configuration and low maneuverability
introduced small oscillations to the trajectory.

6.5. Scenario 5

Scenario number 5 was the same as number 4, except that this time the aircraft used the
bank-to-turn strategy instead of the skid-to-turn (as in scenarios from 1 to 4). The obtained
results were presented in Figures 17 and 18.
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Figure 17. Scenario 5 results. (a) Aircraft velocity; (b) Mach number, and α and β angles; (c) Euler
angles; (d) motor nozzle deflection angles.

In scenario 5, the changes in the angle of attack (Figure 17b) are much less oscillatory
when compared to scenario 4 (please see Figure 15b). The roll angle lies in the range from
−50◦ and up to +40◦ (Figure 17c). The nozzle deflection angle ε was equal to 0◦ during the
whole mission. The vehicle was able to precisely track the predefined path.
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Figure 18. Aircraft trajectory in scenario 5.

7. Conclusions

In this paper, the numerical flight simulation of the modified X-15 aircraft was shown.
Several contributions of this paper were mentioned. The mathematical model of the hyper-
sonic vehicle with the TVC and limited control authority was developed and implemented
in MATLAB/Simulink. It was demonstrated that the thrust vectoring control can be used
to achieve flight along the specified path for this aircraft, keeping in mind its nonstandard
geometry. It should be noted that the X-15 aircraft was never designed to be maneuver-
able. The X-15 was used originally as a test platform to study physical phenomena in
supersonic/hypersonic flow regimes and thermal effects. X-15 possesses rather low maneu-
verability characteristics. The large vertical tail dampens the yaw rate significantly when
performing turns in the yaw plane. This fact, using the skid-to-turn method, might result
in the chattering of the nozzle actuator. The developed control system is able to counteract
the Coriolis effects (aircraft drift from the nominal trajectory). The original aircraft’s turn
radius was estimated to be around 66 kilometers, which allows for lateral loads up to 4 g.
Moreover, performing any set of complex maneuvers with tight turns with the modified
version presented in the study results in increased loads on the structure and the pilot; this
must be taken into account. Furthermore, increasing the speed of the aircraft will further
deter performance, and the flight control systems will have a higher chance of failing to
meet the desired mission objectives.

Further research should concentrate on including the sensor models in the developed
simulation, building more complex actuator models, and introducing turbulence from
wind effects on the presented mission profiles. In addition, more complicated mission
scenarios might be considered.
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Abbreviations

Latin symbols:
a(H) Speed of sound at H, [m/s]
b Wing span, [m]
c̄ Mean aerodynamic chord, [m]

CB
E

Transformation matrix from Earth-centered Earth-fixed frame to the
body coordinate system

CB
A Transformation matrix from aerodynamic to body frame

Ci
Coefficients of drag, side force, lift and rolling, pitching and yawing
moments for i = D, S, L, l, m, n, respectively

e Oswald efficiency number
FA Aerodynamic force vector, [N]
FG Gravitational force vector, [N]
FT Thrust force vector, [N]
g Gravitational acceleration, [m/s2]
H Geopotential altitude, [m]
H0 Reference altitude, [m]
I Mass moment of inertia tensor with respect to body coordinate system

Ixx, Iyy, Izz
Mass moments of inertia with respect to body coordinate system
Obxbybzb, [kg ·m2]

Ixy=Iyx , Iyz = Izy, Izx = Ixz
Mass products of inertia with respect to body coordinate system
Obxbybzb, [kg ·m2]

k Specific heat ratio
L0 Temperature gradient above H0
m Aircraft mass, [kg]
M Mach number, [-]
MA Aerodynamic moment vector, [Nm]
MT Thrust moment vector, [Nm]
p Roll rate, [◦/s]
p0 Pressure at H0, [Pa]
p(H) Air pressure at H, [Pa]
q Pitch rate, [◦/s]
r Yaw rate, [◦/s]
rnozzle Distance between the center of mass of the aircraft and the nozzle, [m]
~rb Aircraft position vector in the Earth-centered Earth-fixed frame, [m]
R Gas constant of air, [J/(kg ·mol )]
Sre f Reference area, [m2]
T Temperature H, [K]
TE Main motor thrust magnitude, [N]
T(H) Ambient temperature at the altitude H, [K]
T0 Ambient temperature at the altitude H0, [K]
Tγ Time constant of TVC actuator, [s]
Tε Time constant of TVC actuator, [s]
vA Aircraft’s velocity magnitude relative to the airflow, [m/s]
~Vb Velocity vector in the body coordinate system, [m]
~̇Vb Linear acceleration vector in the body coordinate system, [m/s2]
Greek symbols:
α Angle of attack, [◦]
β Angle of sideslip, [◦]
γ Actual deflection angle of the thrust vector in pitch plane Obxbzb, [◦]

γc
Commanded deflection angle of the thrust vector in pitch plane
Obxbzb, [◦]

δa Aileron deflection angle, [◦]
ε Actual deflection angle of the thrust vector in yaw plane Obybzb, [◦]

εc
Commanded deflection angle of the thrust vector in yaw plane
Obybzb, [◦]
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θ Euler pitch angle, [◦]
Λ Aspect ratio
ρ(H) Air density at H, [kg/m3]
φ Euler roll angle, [◦]
ψ Euler yaw angle, [◦]
~̇ωb Angular acceleration vector in the body coordinate system, [◦/s2]
~ωb Angular velocity vector in the body coordinate system, [◦/s]
~ωe Earth’s angular velocity vector, [◦/s]
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31. Głębocki, R.; Jacewicz, M. Simulation study of a missile cold launch system. J. Theor. Appl. Mech. 2018, 56, 901–913. [CrossRef]
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