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Abstract
The determination of realistic flight mission characteristics, such as fuel consumption and flight time, requires
fuel-optimal flight trajectories where the vehicle’s total trip fuel converges to a minimum. Within the
Stratospheric Flying Opportunities for High-Speed Propulsion Concepts research project, one of the main
challenging factors is the design of artificial flight controllers for maintaining 4D fuel-optimal trajectories for
the STRATOFLY MR3 vehicle. In this paper, we propose a continuous climb cruise (CCC) flight controller as
well as a zoom dive (ZD) flight controller which are derived using Feedback Linearization and embedded in a
MATLAB-based trajectory simulation program. This incorporates the establishment of a proper control design
model, an aircraft state estimator and the limitation of the plant’s control inputs to ensure a bounded fasttime, forward integration of all aircraft state variables based on a 3 degrees of freedom point-mass model.
Simulation results are presented showing that the CCC controller is primarily used in the hypersonic cruise
phase – covering the main flight segment of MR3 – and that the ZD controller is used in the transonic region
(while the vehicle reaches Mach 1), both ensuring a total decay of 2.98 % in the vehicle’s fuel consumption
for a reference flight mission from Brussels to Sydney.
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profiles, the benefits of CCOs and CDOs are established
by waiving of the level off segments, whereby noise and
inefficient acceleration phases are avoided and
intermediate altitude clearances during climb are no longer
applied ([13]). Several studies such as [14]-[16] have
assessed the benefits of employing continuous operations
over conventional procedures for commercial aircraft.
These works, however, are focused on current commercial
aircraft, which solely comprise of flights in the subsonic
regime. The vertical flight profile of STRATOFLY MR3, the
focus vehicle in this study, is designed largely to be
continuous by extending the concept of CCOs (within the
climb and cruise phase) to supersonic and hypersonic
regimes to assure its proximity to the optimal solution.

Operators

‖∙‖
(∙)2
(∙)3

Euclidean norm of a vector
raised to the power of 2
raised to the power of 3

1. INTRODUCTION
Hypersonic air travel has been a topic of extensive
research for years now [1]-[5] since the extension of
hypersonic technologies to civil aviation can substantially
reduce the duration of, e.g., antipodal flights. Relating
thereto, the Stratospheric Flying Opportunities for HighSpeed Propulsion Concepts (STRATOFLY) research
project was set up in 2018 to investigate the feasibility of
high-speed passenger stratospheric flights with respect to
key technological, societal, and economical aspects ([6]).
A hypersonic aircraft concept, the STRATOFLY MR3, was
designed to fly at cruise speed of Mach 8 and at altitudes
above 30km i.e. in the stratosphere. LAPCAT MR2.4 [7],
which was derived by means of an iterative design
process to achieve structural integrity, improved volume
efficiency and optimal airframe-propulsion integration with
an elliptical air intake, serves as the baseline for this new
vehicle design. Both vehicles are equipped with a
hydrogen-based propulsive system consisting of six Air
Turbo Rockets (ATRs), being used for a Mach range from
0 to 4, and one Dual Mode Ramjet (DMR), to power the
vehicle up from Mach 4 to 8. The MR3 vehicle maintains
the external waverider configuration of the MR2.4 vehicle,
however, structural design, propulsion or aerodynamics
including, e.g., empennages or flight control surfaces have
been improved. ([8]-[11])

The state of the art in trajectory optimization of hypersonic
air breathing vehicles comprises of a number of direct and
indirect techniques. E.g. [17] uses gauss pseudo spectral
method to optimize hypersonic vehicle trajectories by
discretizing a continuous control problem into Legendregauss points. [18] proposes an inverse dynamic approach
for solving the ascent problem for an aerospace plane
whereas [19] presents an optimal control problem
employing nonlinear programming and collocation method
to derive for e.g. minimum-time climb trajectories. [20] is a
pioneering work that inferred the total energy to be a
significant quantity in performance analysis of high-speed
aircraft. Relating thereto, [21] simplified the aircraft
dynamics to a point mass energy approximation model
being used in performance optimization of a supersonic
aircraft. [22] extends the energy approximation methods
for flight performance optimization in terms of minimumtime climbs trajectories by applying singular perturbation
methods to take the fast dynamics of fighter aircrafts into
account. [23] further addresses whether energy state
method is an appropriate method to obtain optimal flight
trajectories in terms of scramjet-powered hypersonic
vehicles. Based on these results, it can be concluded that
the use of energy-state approximation is a justified and
widely accepted assumption for this class of vehicles.
The climb profile of STRATOFLY MR3 is therefore
optimized by adapting the concept of energy methods to
trajectory modeling and optimization. Based on the optimal
flight profiles obtained in [20] and [21], a detailed
assessment of the flight when the aircraft approaches
Mach 1 is conducted and a specific energy dive or rather
zoom dive (ZD) flight controller is implemented for the
transonic regime which is in the spirit of the stated findings
in literature.

FIG. 1: STRATOFLY-MR3 vehicle concept [6]

1.1.

Literature Overview

Within the scope of the STRATOFLY research project,
one of the most challenging factors is the design of fueloptimal flight trajectories where the vehicle’s trip fuel is
reduced to a minimum while simultaneously meeting the
overall constraints prescribed by the Air Traffic Control
(ATC). The vehicle’s performance strongly depends on its
propulsive and aerodynamic efficiency which requires
robust flight controllers for maintaining fuel-optimal design
points over the entire operating profile. We call these flight
controllers fuel-efficient in the scope of trajectory modeling
and optimization.

Considerable amount of research has been undertaken on
hypersonic cruise trajectory optimization due to the
potential the cruise phase offers in fuel saving. Most
studies focus on optimal periodic cruise solutions for
hypersonic vehicles. [24]-[27] assess the fuel reduction
achieved with the utilization of periodic cruise trajectories
over steady state trajectories using various numerical
methods. E.g. [27] attempts to realize periodic hypersonic
cruise by maintaining the lift coefficient and velocity
constant to investigate the effects on aerodynamic heating
and fuel performance. In contrast to these efforts, optimal
cruise flight conditions for MR3 are derived by evaluating
the extension of continuous climb cruise (CCC) operations
to the hypersonic regime. Available resources pertaining
to this approach are quite limited. To optimize the cruise
profile by adapting the CCC technique, the Breguet range
equation [28] can be maximized (minimized fuel) by

Integration of continuous climb operations (CCOs) and
continuous descent operations (CDOs) has been identified
as a promising approach to optimize flight trajectories to
reduce the fuel consumption over the course of a flight
([12], [13]). In comparison to the conventional climb
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The program flow of TCM is divided into four functional
main blocks as shown in FIG. 2. In the first block, a flight
phase table including target and exit conditions of each
individual flight segment is generated and the aircraft
model state variables are initialized to the corresponding
start values. This is followed by the execution of the
primary simulation loop which comprises of the three main
blocks, blocks II to IV. In terms of the lateral navigation
(LNAV), the reaching of waypoints is detected and, if
necessary, curve flights are initiated and terminated based
on the current position of the aircraft. During the vertical
navigation (VNAV), which corresponds to the third main
block, the simulation module checks whether flight
conditions that terminate the current flight phase have
been reached or not. If the conditions have been met, the
program routine switches to the subsequent flight phase.
In the last block, flight performance calculations are
performed, aerodynamic and engine models are
evaluated, and the desired aircraft movement is obtained
by calculating the control laws based on the Total-EnergyModel [39]. The new aircraft states are determined by
integrating the current state variables numerically over
time using Euler’s method [40]. This forms the starting
point for the next run of the primary simulation loop, which
is executed until the entire target flight profile has been
completed. Finally, the results of the TCM simulation are
stored. For further information and theoretical basics of the
tool, please refer to [41] and [42].

State
Estimator
Continuous Cruise
Climb

Controller

Reference
trajectory

Zoom Dive

𝒆

Controller

̃
𝒖

Engine Model 𝒖
Limitations

Lateral, Longitudinal,
Directional

Aircraft
Dynamics of

𝒚

STRATOFLY MR3
(Total-Energy-Model)

Controller

FIG. 3: Illustration of TCM’s closed-loop control system
(based on [41], [43])

3.1.

Control Design Model

In control theory, a simplified mathematical description of
the plant is used, in general, as control design model
which only takes aspects and properties of physical
significance into account to derive the control laws from
scratch. Since the aircraft dynamics in the TCM is based
on the Total-Energy-Model [39], this model description is
likewise used as nonlinear control design model to derive
the feedback laws for the CCC and ZD flight controller. As
shown in FIG. 3, all state variables are initialized through
the plant output vector 𝒚.
In the Total-Energy-Model, the aircraft is simplified as a 3
DoF point mass where the thrust force 𝑇 and the drag
force 𝐷 are both parallel and the lift force 𝐿 is
perpendicular to the true airspeed 𝑉𝑇𝐴𝑆 . By assuming that
Earth is non-rotating and flat, without any elliptical shape,
we can apply Newton’s 2nd law of motion [40] in the
direction of 𝑉𝑇𝐴𝑆 which yields

3. CONTROLLER DESIGN
The calculation of operationally realistic flight trajectories
in the preliminary design phase of a conceptual vehicle
such as STRATOLFY MR3, involves the design of artificial
flight controllers extending the conventional classification
of the aircraft’s lateral, longitudinal, or directional control to
satisfy a fuel-optimized flight envelope ([43]).
In this section, we propose a CCC flight controller as well
as a ZD flight controller that aim to reduce the aircraft’s
fuel consumption in order to address the environmental
strain of hypersonic air transport systems. The CCC
controller is primary used in the hypersonic cruise phase
to perform a constant lift coefficient and constant Mach
number cruise flight program avoiding intermediate leveloff segments. The ZD flight controller is used during the
climb phase in the transonic region while the aircraft
reaches Mach 1. Both controllers are based on Feedback
Linearization [44] which is, in general, used to make a
dynamic system or rather its state trajectory follow a
desired reference trajectory by determining an appropriate
control law. This control law tries to cancel out the
aircraft’s inherent dynamics in order to replace them with
desired linear dynamics to be tracked by the
corresponding aircraft states. FIG. 3 shows TCM’s closedloop control system where the plant is represented by a 3
DoF point mass model of STRATOFLY MR3. The
̃ ∈ ℝ3 contains the aircraft’s
controller output vector 𝒖
desired virtual controls which are transformed to the
physically attainable set of the aircraft’s system inputs 𝒖 ∈
ℝ3 based on MR3’s engine performance model. Since the
overall TCM testbed is treated as a model-in-the-loop
(MIL) simulation, the controller states are initialized
through the plant’s output vector 𝒚 and a state estimator
model is embedded to not only define the tracking errors
for the ZD and CCC flight controller, but also to artificially
provide quantities which are not comprised in the plant’s
output vector 𝒚 from scratch.
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𝑚 ∙ 𝑉̇ = 𝑇 − 𝐷 − 𝑚 ∙ 𝑔 ∙ sin(𝛾),

(1)

where 𝑚 denotes the aircraft’s mass, 𝑔 the gravitational
acceleration, 𝛾 the climb path angle and 𝑉̇ the absolute
acceleration which is the time derivative of the aircraft’s
true airspeed 𝑉𝑇𝐴𝑆 with respect to an inertial (I) reference
frame being located at the Earth’s surface. The I-frame
has a non-relocatable placement at the aircraft’s point of
departure. Its 𝑥-𝑦 plane is parallel and its 𝑧𝐼 -axis is
perpendicular to the local surface whereby the 𝑥𝐼 -axis
points to the geographic north pole. For the rate of climb
or descent (ROCD), the kinematic relation
ℎ̇ = 𝑉𝑇𝐴𝑆 ∙ sin(𝛾),

(2)

holds, where ℎ̇ denotes the time derivative of the aircraft’s
true altitude ℎ with respect to the I-frame. By solving eq.
(2) for sin(𝛾) and then inserting it into eq. (1), we finally
obtain the standard formulation of the Total-Energy-Model:
(𝑇 − 𝐷) ∙ 𝑉𝑇𝐴𝑆 = 𝑚 ∙ 𝑔 ∙ ℎ̇ + 𝑚 ∙ 𝑉𝑇𝐴𝑆 ∙ 𝑉̇

(3)

Physically, eq. (3) can be interpreted as a power balance,
where the excess power is equal to the sum of potential
and kinetic energy, respectively, their correlated changes
over time. By neglecting the aircraft’s high-lift devices as
well as spoilers, the longitudinal aircraft movement is
mainly controlled by the elevator deflection and the thrust
force. Thus, through appropriate pseudo control laws for
̃ and ℎ̃̇ ∈ 𝒖
̃ , which are transformed into physical plant
𝑇̃ ∈ 𝒖
inputs 𝑇 ∈ 𝒖 and ℎ̇ ∈ 𝒖 by actuator limitations (see section
3.5), two of the three plant inputs are already defined so
that the third quantity can be obtained through a
conservation of energy on the basis of eq. (3).
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3.2.

State Estimator

3.3.

A state estimator is embedded into the closed-loop control
system of TCM to not only define the tracking errors for
the ZD and CCC flight controller, but also to artificially
provide quantities which are not comprised in the plant’s
output vector 𝒚 from scratch (see FIG. 3). The estimation
algorithms are repeated for every time instance ∆𝑡, which
also defines the sampling time increments of TCM
ensuring synchronous interactions and timing.
For the ZD controller, the aircraft’s specific energy level as
well as its time derivative with respect to the I-frame are
determined by ([21])
𝐸𝑆 = ℎ +

2
𝑉𝑇𝐴𝑆
,
2∙𝑔

(𝑇 − 𝐷) ∙ 𝑉𝑇𝐴𝑆
𝑉𝑇𝐴𝑆
𝐸̇𝑆 = ℎ̇ +
𝑉̇ =
.
𝑔
𝑚∙𝑔

To derive the control law for the ZD flight controller, 1st
order energy error dynamics are stabilized by the pseudo
controls 𝑇̃ , ℎ̃̇ and 𝑉̃̇ around their zero equilibrium. The
control objective has been reached when the specific
energy level 𝐸𝑆 tracks a desired reference trajectory 𝐸𝑆,𝑟
so that the specific energy level tracking error 𝑒𝑍𝐷 and its
time derivative converge to zero:

(5)

4∙𝑚∙𝑔
2∙𝑔
2∙𝑚∙𝑔
̇
3 𝑉+
2 𝑚̇ − 2
2 𝜌̇ .
𝜌 ∙ 𝑆 ∙ 𝑉𝑇𝐴𝑆
𝜌 ∙ 𝑆 ∙ 𝑉𝑇𝐴𝑆
𝜌 ∙ 𝑆 ∙ 𝑉𝑇𝐴𝑆

(13)

(14)

𝑡0

which denotes a desired decay behavior of the real
specific energy level error dynamics 𝑒̇𝑍𝐷 . Both feedback
gains 𝑘𝑝,𝑍𝐷 and 𝑘𝑖,𝑍𝐷 are Hurwitz and of the set ℝ1𝑥1 . If the
aircraft’s total thrust 𝑇 ∈ 𝒖 is selected according to the
pseudo control law

(7)

𝑇̃ =

𝑒̇𝑍𝐷, ∙ 𝑚 ∙ 𝑔
+ 𝐷,
𝑉𝑇𝐴𝑆

(15)

the desired error dynamics in eq. (14) and the real error
dynamics in eq. (13) become equal so that the specific
energy level 𝐸𝑆 approaches its reference trajectory 𝐸𝑆,𝑟
exponentially fast. Note that by using eq. (2), we have
another parametric quantity of how the interrelated
conversion rate between kinetic and potential energy in
eq. (3) is weighted. That is why we command a constant
desired climb path angle 𝛾𝑐 of -3° to constitute the pseudo
control law

(8)

ℎ̃̇ = 𝑉𝑇𝐴𝑆 ∙ sin(𝛾𝑐 ),

(16)

which is then used, together with 𝑇̃, to determine 𝑉̃̇ by
inserting eq. (15) and (16) into eq. (3) yielding
(𝑇̃ − 𝐷) 𝑔 ∙ ℎ̃̇
(17)
𝑉̃̇ =
−
.
𝑚
𝑉𝑇𝐴𝑆
For the sake of completeness, we can finally provide the
solution of the ZD controller architecture in the Laplace
domain by inserting the pseudo controls, given by eq.
(15)-(17), into the specific energy kinematics, given by eq.
(5), which yields

(9)

𝑡

𝑉𝑇𝐴𝑆 ̇
𝐸̃̇𝑆 = ℎ̃̇ +
𝑉̃ = −𝑘𝑝,𝑍𝐷 ∙ 𝑒𝑍𝐷 − 𝑘𝑖,𝑍𝐷 ∙ [∫ (𝑒𝑍𝐷 ) 𝑑𝑡].
𝑔
𝑡0

̇
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
=−
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(𝑇 − 𝐷) ∙ 𝑉𝑇𝐴𝑆
− 𝐸̇𝑆,𝑟
𝑚∙𝑔

𝑡

for altitudes above 20000 m. Since the initial cruise
altitude (ICA) forms a user input of TCM (see FIG. 2), ℎ𝐼𝐶𝐴
in eq. (9) is predefined. After substituting the analytical
formulation of the lift coefficient so that 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 is explicitly
included, eq. (8) can be rewritten to
2 ∙ 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
̅̅̅̅
𝑉̇ −
𝐹𝐹
𝑉𝑇𝐴𝑆
𝑚
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
{1.4276 ∙ 10−5 ∙ [1
+
𝜌
+4.5425 ∙ 10−6 (ℎ𝐼𝐶𝐴 − 20000)]−36.7143 ∙ ℎ̇}.

(12)

𝑒̇𝑍𝐷, = −𝑘𝑝,𝑍𝐷 ∙ 𝑒𝑍𝐷 − 𝑘𝑖,𝑍𝐷 ∙ [∫ (𝑒𝑍𝐷 ) 𝑑𝑡],

To solve eq. (8), we firstly assume a linear decrease of the
aircraft’s mass over time which is directly proportional to
̅̅̅̅ . An estimation of the
the engine’s average fuel flow 𝐹𝐹
aircraft’s fuel flow consumption can be made by evaluating
MR3’s engine property database for cruise conditions
̅̅̅̅ = 9 m/s. Secondly, we assume that the
which yields 𝐹𝐹
standard ICAO atmospheric conditions [45] hold during
cruise so that the change of density over time is given by
𝜌̇ = −1.4276 ∙ 10−5 ∙ [1
+4.5425 ∙ 10−6 (ℎ𝐼𝐶𝐴 − 20000)]−36.7143 ∙ ℎ̇

𝑒̇𝑍𝐷 = 𝐸̇𝑆 − 𝐸̇𝑆,𝑟

Note that a linear reference model, as e.g. a PT1 filter
[46], shall be used to generate the feasible reference
trajectories for the ZD controller. However, since it is the
controller’s purpose to maintain a constant specific energy
level during the dive, we command a predefined optimal
specific energy level so that the desired reference
trajectory 𝐸𝑆,𝑟 remains in a steady-state which yields 𝐸̇𝑆,𝑟
being equal to zero. Next, assume that the pseudo control
𝑇̃ does establish

where 𝑚̇ denotes the time derivative of the aircraft’s total
mass as well as 𝜌̇ denotes the time derivative of the
atmospheric density. Applying Euler's classical treatment
of vector analysis [40], we calculate the partial differentials
in eq. (7) by deriving eq. (6) with respect to 𝑉𝑇𝐴𝑆 , 𝑚 and 𝜌
leading to
̇
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
=−

(11)

𝑒̇𝑍𝐷 =

In eq. (6), 𝜌 denotes the aircraft’s surrounding atmospheric
density, 𝑆 the wing reference area, and Φ the aircraft’s
bank angle which is assumed to be negligibly small for the
cruising flight segment. The general formula for the
derivation of the lift coefficient with respect to the I-frame
can, based on eq. (6), be written as follows
𝑑𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
𝑑𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
𝑑𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
𝑉̇ +
𝑚̇ +
𝜌̇ ,
𝑑𝑉𝑇𝐴𝑆
𝑑𝑚
𝑑𝜌

𝑒𝑍𝐷 = 𝐸𝑆 − 𝐸𝑆,𝑟

First, we rewrite the energy error dynamics by inserting
eq. (5) into eq. (12) which yields

(4)

In addition to the CCC flight controller, a vertical balance
of forces leads to an analytical formulation for the aircraft’s
lift coefficient during cruise flight, where it is assumed, that
the aircraft’s longitudinal tilt angle Θ is always small and
therefore neglectable:
2∙𝑚∙𝑔
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 =
.
(6)
2
𝜌 ∙ 𝑉𝑇𝐴𝑆
∙ 𝑆 ∙ cos(Φ)

̇
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
=

Zoom Dive Flight Controller

(18)

Note that eq. (18) cannot be considered explicitly as
pseudo control law since the specific energy level or rather
its time derivative are solely provided by the state
estimator (see FIG. 3) and therefore excluded from the

(10)
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control law 𝑉̃̇ in eq. (23). Furthermore, let
𝑡
𝑡0

denote a desired decay behavior of the real lift coefficient
error dynamics 𝑒̇𝐶𝑙 , where 𝑘𝑝,𝐶𝑙 and 𝑘𝑖,𝐶𝑙 are Hurwitz
feedback gains of the set ℝ1𝑥1 . Assume that 𝑒̇𝐶𝑙 , can be
generated by a desired pseudo control input ℎ̃̇ so that in
case the aircraft’s ROCD ℎ̇ ∈ 𝒖 is selected according to ℎ̃̇ ,
the desired error dynamics (24) and the real error
dynamics (23) become equal. Thus, after a comparison of
coefficients, we find the pseudo control law

𝐸𝑆

Integrator

FIG. 4: Zoom dive flight controller architecture

3.4.

𝑡

Continuous Cruise Climb Flight Controller

̇ − 𝑘𝑝,𝐶 ∙ 𝑒𝐶 − 𝑘𝑖,𝐶 ∙ [∫ (𝑒𝐶 ) 𝑑𝑡]
ℎ̃̇ = 𝑘𝐶𝑙 [𝐶𝑙,𝑟
𝑙
𝑙
𝑙
𝑙

The purpose of the CCC flight controller is that the aircraft
performs a constant lift coefficient and constant true
airspeed cruise flight program. Thus, to derive the control
laws for the CCC controller, we stabilize 1st order velocity
error dynamics as well as 1st order lift coefficient error
dynamics by the pseudo controls 𝑇̃ , ℎ̃̇ and 𝑉̃̇ around their
zero equilibria. The control objectives have been reached
when 𝑉𝑇𝐴𝑆 tracks a desired reference trajectory 𝑉𝑇𝐴𝑆,𝑟 as
well as when 𝐶𝑙 tracks a desired reference trajectory 𝐶𝑙,𝑟
so that the tracking error
𝑒𝑇𝐴𝑆
𝑉𝑇𝐴𝑆 − 𝑉𝑇𝐴𝑆,𝑟
𝒆𝐶𝐶𝐶 = ( 𝑒 ) = (
) ∈ ℝ2
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 − 𝐶𝑙,𝑟
𝐶𝑙

𝑡0

2 ∙ 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 ̃ 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
̅̅̅̅ ],
+
𝑉̇ +
𝐹𝐹
𝑉𝑇𝐴𝑆
𝑚

𝑘 𝐶𝑙 =

𝑡

𝑒̇ 𝑇𝐴𝑆, = −𝑘𝑝,𝑇𝐴𝑆 ∙ 𝑒𝑇𝐴𝑆 − 𝑘𝑖,𝑇𝐴𝑆 ∙ [∫ (𝑒𝑇𝐴𝑆 ) 𝑑𝑡],

(20)

(21)

𝑡0

which denotes a desired decay behavior of the real
velocity error dynamics 𝑒̇ 𝑇𝐴𝑆 = (1 0)𝒆̇ 𝐶𝐶𝐶 . Both feedback
gains 𝑘𝑝,𝑇𝐴𝑆 and 𝑘𝑖,𝑇𝐴𝑆 are constant and Hurwitz. If the
aircraft’s absolute acceleration 𝑉̇ ∈ 𝒖 is selected according
to the pseudo control law
𝑡

𝑉̃̇ = 𝑉𝑟̇ − 𝑘𝑝,𝑇𝐴𝑆 ∙ 𝑒𝑇𝐴𝑆 − 𝑘𝑖,𝑇𝐴𝑆 ∙ [∫ (𝑒𝑇𝐴𝑆 ) 𝑑𝑡],

(22)

𝑡0

the desired velocity error dynamics in eq. (21) and the real
velocity error dynamics in (22) become equal so that 𝑉𝑇𝐴𝑆
approaches its reference trajectory 𝑉𝑇𝐴𝑆,𝑟 exponentially
fast. Note that since we want to maintain a constant
predefined airspeed during the entire cruise flight
segment, our desired reference trajectory 𝑉𝑇𝐴𝑆,𝑟 remains in
a steady-state which yields 𝑉𝑟̇ being equal to zero as
adequate simplification in our control law.
Secondly, in terms of the aircraft’s lift control, we insert the
estimated lift coefficient dynamics, given by eq. (10), into
eq. (20) and extract the 1st order 𝐶𝑙 -error dynamics by
𝑒̇𝐶𝑙 = (0 1)𝒆̇ 𝐶𝐶𝐶 which yields
2 ∙ 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 ̃ 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
̅̅̅̅
𝑉̇ −
𝐹𝐹
𝑉𝑇𝐴𝑆
𝑚
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
{1.4276 ∙ 10−5 ∙ [1
+
𝜌
̇ .
+4.5425 ∙ 10−6 (ℎ𝐼𝐶𝐴 − 20000)]−36.7143 ∙ ℎ̇} − 𝐶𝑙,𝑟

(26)

If the aircraft’s absolute acceleration, ROCD and total
thrust are selected according to their pseudo control laws
𝑉̃̇ , ℎ̃̇ and 𝑇̃, the Euclidean norm ‖𝒆𝐶𝐶𝐶 ‖2 converges to zero
so that the aircraft’s true airspeed 𝑉𝑇𝐴𝑆 and the lift
coefficient 𝐶𝑙 approach their reference trajectories
𝑎𝑙
exponentially fast. For𝑠 the sake of completeness,
we
divide the CCC flight
controller
in
two
parts,
a 𝑉𝑇𝐴𝑆 -based
High-Pass
𝑎𝑙
Filter a 𝐶 -based lift coefficient
velocity controller and
controller,
𝑙
𝑥
𝑥
to depict their architectures in the Laplace domain. For the
𝒖𝑐
Control
Actuator
+
𝑐
aircraft’s velocityController
control, on the
basis ofDynamics
eq. (22), FIG.
Plant 5
Allocation
𝑐
manifests that a linear PI-controller stabilizes the true
airspeed tracking error, respectively, its time derivative to
obtain asymptotic tracking of 𝑉𝑇𝐴𝑆 and 𝑉𝑇𝐴𝑆,𝑟 .
𝑉𝑇𝐴𝑆,𝑟

𝑒𝑇𝐴𝑆
𝑉𝑇𝐴𝑆

−𝑘𝑝,𝑇𝐴𝑆 − 𝑘𝑖,𝑇𝐴𝑆

1

𝑑𝑉̃̇ 𝑑𝑡

PI-Controller

𝑑𝑉̇ 𝑑𝑡
Limit

1

𝑉𝑇𝐴𝑆

Integrator

FIG. 5: Continuous cruise climb flight controller
– 𝑉𝑇𝐴𝑆 control architecture
For the 𝐶𝑙 -based lift coefficient controller, we provide its
architecture in the Laplace domain by inserting ℎ̃̇ , given by
eq. (25) and (26), into the lift coefficient kinematics, given
by eq. (10), which yields

𝑒̇𝐶𝑙 = −

𝑡

̇
𝐶̃𝑙,𝑐𝑟𝑢𝑖𝑠𝑒
= −𝑘𝑝,𝐶𝑙 ∙ 𝑒𝐶𝑙 − 𝑘𝑖,𝐶𝑙 ∙ [∫ (𝑒𝐶𝑙 ) 𝑑𝑡].

(23)

(28)

𝑡0

Note that eq. (28) cannot be considered explicitly as
pseudo control law since the lift coefficient or rather its
time derivative are solely provided by the state estimator
(see section 3.2), not contributing to the plant inputs of the

To ensure that asymptotic velocity tracking is guaranteed
while stabilizing the 𝐶𝑙 -error dynamics, we use the pseudo

©2021

𝜌
∈ ℝ.
1.4276 ∙ 10−5 ∙ [1 + 4.5425 ∙ 10−6 (ℎ𝐼𝐶𝐴 − 20000)]−36.7143 ∙ 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒

Since the controller’s key purpose is to maintain a
constant lift coefficient during the CCC operation, we
command a predefined initial lift coefficient so that the
desired reference trajectory 𝐶𝑙,𝑟 remains in a steady-state
̇
which yields 𝐶𝑙,𝑟
being equal to zero as adequate
simplification. With regard to the conservation of energy
within our control design model (see section 3.1), we
derive the pseudo control law 𝑇̃ by inserting eq. (22) and
(25) into eq. (3) yielding
𝑚∙𝑔 ̃
𝑇̃ =
∙ ℎ̇ + 𝑚 ∙ 𝑉̃̇ + 𝐷.
(27)
𝑉𝑇𝐴𝑆

(19)

converge to zero. First, in terms of the aircraft’s velocity
control, assume that the pseudo control 𝑉̃̇ does establish

(25)

with

as well as its time derivative
𝑒̇ 𝑇𝐴𝑆
𝑉̇ − 𝑉𝑟̇
2
𝒆̇ 𝐶𝐶𝐶 = ( 𝑒̇ ) = ( ̇
̇ )∈ℝ ,
𝐶𝑙
𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 − 𝐶𝑙,𝑟

(24)

𝑒̇𝐶𝑙 , = −𝑘𝑝,𝐶𝑙 ∙ 𝑒𝐶𝑙 − 𝑘𝑖,𝐶𝑙 ∙ [∫ (𝑒𝐶𝑙 ) 𝑑𝑡],
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𝑎𝑙

𝑠

High-Pass
Filter

𝑎𝑙

closed-loop control system. However, for 𝑥illustration
𝑥
𝒖𝑐 aActuator
Control that
purposes,+ FIG.
6 manifests
linear PI-controller
𝑐
Pilot
Controller
Plant
Allocation
Dynamics
𝑐 stabilizes the lift coefficient tracking error, respectively, its
time derivative to obtain asymptotic tracking of 𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 and
𝐶𝑙,𝑟 .
𝑒𝐶𝑙

𝐶𝑙,𝑟

𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒

−𝑘𝑝,𝐶𝑙 − 𝑘𝑖,𝐶𝑙

1

PI-Controller

𝑑𝐶̃𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 𝑑𝑡

𝑑𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒 𝑑𝑡
Limit

1

aircraft’s absolute acceleration. Therefore, the aircraft’s
ROCD is kept so that the pseudo control ℎ̃̇ becomes a
valid system input ℎ̇ and the aircraft’s total acceleration is
reduced in such a manner that the pseudo control 𝑇̃ does
not exceed the maximum available thrust 𝑇𝑚𝑎𝑥 :

𝐶𝑙,𝑐𝑟𝑢𝑖𝑠𝑒

𝑉̇ =

Integrator

Limitation of Pseudo Control Inputs

In the closed-loop control system of TCM a limitation of
the pseudo control inputs 𝑉̃̇ , ℎ̃̇ and 𝑇̃ is necessary to
transform them into valid system inputs 𝑉̇, ℎ̇ and 𝑇 which
are contributing to the system input vector 𝒖. Since 𝑉̃̇ , ℎ̃̇
and 𝑇̃ can directly be manipulated by the inputs of the
system, or rather, become valid inputs after their limitation,
they were considered as pseudo controls in the previous
sections. For clarity, if it can be found that the pseudo
control inputs are within their permitted range for every
time instance ∆𝑡 of the simulation, the word pseudo
becomes meaningless and the control laws, derived in
section 3.3 and 3.4, hold and are valid without limitations.
In order to comply with the limitations of the TCM’s engine
performance model, it must be ensured that the total thrust
neither exceeds the maximum available thrust 𝑇𝑚𝑎𝑥 nor
undershoots the idle thrust 𝑇𝑚𝑖𝑛 . Therefore, the pseudo
control input 𝑇̃, given by eq. (15) or (27), is compared to
𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 . If 𝑇̃ is within its permitted range, a limitation
is not required to maintain the power limits of the engine
so that 𝑇̃ directly becomes a system input. If, on the other
hand, 𝑇̃ is outside the power limits of the engine, the
pseudo control has to be limited in order to become a valid
system input. Here, the two cases 𝑇̃ > 𝑇𝑚𝑎𝑥 and 𝑇̃ < 𝑇𝑚𝑖𝑛
are possible scenarios which are discussed in more detail
in the following.

𝑇𝑚𝑎𝑥 − 𝐷 ̃ 𝑉𝑇𝐴𝑆
ℎ̇ = [
− 𝑉̇ ] ∙
.
𝑚
𝑔

𝑇𝑚𝑎𝑥 − 𝐷 ̃
∙ 𝑉̇
𝑇̃ − 𝐷

𝑉̇ =

𝑇𝑚𝑖𝑛 − 𝐷 ̃
∙ 𝑉̇
𝑇̃ − 𝐷

(34)

For the second subcase, let ℎ̃̇ , which is given by eq. (16)
or (25), be negative and 𝑉̃̇ , which is given by eq. (17) or
(22), are positive, then the diminished thrust is due to the
aircraft’s ROCD. Therefore, the aircraft’s absolute
acceleration is kept so that the pseudo control 𝑉̃̇ becomes
a valid system input 𝑉̇ and the aircraft’s ROCD is limited in
such a manner that the pseudo control 𝑇̃ does not
undershoot the minimum available thrust 𝑇𝑚𝑖𝑛 :
𝑇𝑚𝑖𝑛 − 𝐷 ̃ 𝑉𝑇𝐴𝑆
ℎ̇ = [
− 𝑉̇ ] ∙
.
𝑚
𝑔

(35)

For the third subcase, let 𝑉̃̇ , which is given by eq. (17) or
(22), be negative and ℎ̃̇ , which is given by eq. (16) or (25),
be positive, then the diminished thrust is due to the
aircraft’s absolute acceleration. Therefore, the aircraft’s
ROCD is kept so that the pseudo control ℎ̃̇ becomes a
valid system input ℎ̇ and the aircraft’s absolute
acceleration is limited in such a manner that the pseudo
control 𝑇̃ does not undershoot the minimum available
thrust 𝑇𝑚𝑖𝑛 :

(30)

For the second subcase, let ℎ̃̇ , which is given by eq. (16)
or (25), be negative and 𝑉̃̇ , which is given by eq. (17) or
(22), are positive, then the excessive thrust is due to the
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(32)

If, in the second case, the pseudo control 𝑇̃ undershoots
the minimum available thrust 𝑇𝑚𝑖𝑛 , the pseudo controls 𝑉̃̇
and ℎ̃̇ have to be modified in such a way that the
corresponding total thrust force 𝑇 equals the minimum
available thrust 𝑇𝑚𝑖𝑛 so that both pseudo controls are
transformed to valid system inputs 𝑉̇, ℎ̇. As before, the aim
is to provide an adequate limitation algorithm where we
have to distinguish between three different subcases
([42]). For the first subcase, let ℎ̃̇ , which is given by eq.
(16) or (25), and 𝑉̃̇ , which is given by eq. (17) or (22), are
negative, then both pseudo controls are scaled by an
identical factor to become valid system inputs. This factor
is chosen in such a way that the resulting thrust, and valid
system input 𝑇, is equal to the minimum available thrust
𝑇𝑚𝑖𝑛 based on TCM’s engine performance database.
𝑇𝑚𝑖𝑛 − 𝐷 ̃
(33)
ℎ̇ =
∙ ℎ̇
𝑇̃ − 𝐷

If, in the first case, the pseudo control 𝑇̃ exceeds the
maximum available thrust 𝑇𝑚𝑎𝑥 , the pseudo controls 𝑉̃̇ and
ℎ̃̇ have to be limited in such a way that the corresponding
total thrust force 𝑇 equals the maximum available thrust
𝑇𝑚𝑎𝑥 so that both pseudo controls are transformed to valid
system inputs 𝑉̇, ℎ̇. In order to find an adequate limitation
algorithm, a distinction of subcases has to be considered.
For the first subcase, let ℎ̃̇ , which is given by eq. (16) or
(25), and 𝑉̃̇ , which is given by eq. (17) or (22), are positive,
then both pseudo controls are scaled by an identical factor
to become valid system inputs ([42]). This factor is chosen
in such a way that the resulting thrust, and valid system
input 𝑇, is equal to the maximum available thrust 𝑇𝑚𝑎𝑥
based on the TCM’s engine performance database.
𝑇𝑚𝑎𝑥 − 𝐷 ̃
(29)
ℎ̇ =
∙ ℎ̇
𝑇̃ − 𝐷
𝑉̇ =

(31)

For the third subcase, let 𝑉̃̇ , which is given by eq. (17) or
(22), be negative and ℎ̃̇ , which is given by eq. (16) or (25),
be positive, then the excessive thrust is due to the
aircraft’s ROCD. Therefore, the aircraft’s absolute
acceleration is kept so that the pseudo control 𝑉̃̇ becomes
a valid system input 𝑉̇ and the aircraft’s ROCD is reduced
in such a manner that the pseudo control 𝑇̃ does not
exceed the maximum available thrust 𝑇𝑚𝑎𝑥 :

FIG. 5: Continuous cruise climb flight controller
– 𝐶𝑙 control architecture

3.5.

𝑇𝑚𝑎𝑥 − 𝐷
𝑔 ̃
−
∙ ℎ̇.
𝑚
𝑉𝑇𝐴𝑆

𝑉̇ =

7

𝑇𝑚𝑖𝑛 − 𝐷
𝑔 ̃
−
∙ ℎ̇.
𝑚
𝑉𝑇𝐴𝑆

(36)
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