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Abstract. This work introduces a nonlinear control system conceived as a pilot’s behavioural model
for simulation-based aircraft design workflows. The Total Energy Control System (TECS) technique,
a Multiple-Input-Multiple-Output (MIMO) strategy, well represents the pilot’s behavioural model
in wings-level flight. This study revisits the theoretical foundations of TECS, demonstrating its
effectiveness on a fully nonlinear aero-propulsive model of a business jet. TECS manages the aircraft
total energy using throttle and elevator, similar to a pilot. The controller has two main blocks: (i) an
‘outer loop’ control block, vehicle-independent, and (ii) an ‘inner loop’ control block, specific to
the aircraft dynamics. The outer loop uses normalized errors and consistent gains across the flight
envelope, while the inner loop is customized to the specific airframe’s model, combining local
linear controllers into a gain-scheduled nonlinear inner loop controller. This research demonstrates
the design and assessment of a nonlinear TECS, ensuring reliable and robust performance across
diverse flight scenarios within a realistic, complex nonlinear aircraft representation. The findings
highlight this nonlinear control approach, rooted in energy management principles, as a structured
framework that emulates pilot behaviour.
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1 Introduction

The evolution of aircraft flight control systems reflects the progressive understanding of both longitu-
dinal and lateral-directional dynamics management. In relation to the complexity and computational
functions of modern aircraft, these systems can be seen as cyber-physical systems, where real-time data
processing and resilience are critical. The traditional design approach treated each control axis (roll,
pitch, yaw) independently, following Single-Input-Single-Output (SISO) control architectures [1]. This
led to separate control loops for longitudinal and lateral-directional motions, with each axis controlled
by a distinct set of actuators and feedback loops.

A significant paradigm shift with respect to the suboptimal multiple SISO-based control techniques
began with the recognition that aircraft motion fundamentally represents a coupled, Multiple-Input-
Multiple-Output (MIMO) system. In the longitudinal axis, this evolution culminated in the Total Energy
Control System (TECS), introduced by Lambregts in the early 1980s [2–4], which represented a
fundamental reconceptualization of longitudinal flight control based on energy principles. By explicitly
considering the aircraft total energy state and its distribution between potential and kinetic energy, TECS
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provides a more natural and efficient approach to coordinated flight path and speed control. Similar
advances in lateral-directional control led to the development of the Total Heading Control System
(THCS) [5], although energy-based approaches naturally found more application in longitudinal control
where potential and kinetic energy exchanges dominate the dynamics.

Traditional flight control systems typically employ separate controllers for altitude and airspeed,
leading to potential control coupling issues and suboptimal energy management. The fundamental
principle of TECS, that is, the coordinated management of potential and kinetic energy, offers a
more elegant solution to these challenges. However, the existing literature predominantly focuses on
linearized aircraft models in commercial transport applications. Bruce [6, 7] first implemented TECS on
a jet platform. A distinguishing feature of TECS is its fundamental independence from specific aircraft
characteristics, stemming from its energy-based formulation [2]. Unlike traditional control architectures
that require extensive retuning when applied to different aircraft types, TECS’s core algorithm remains
largely invariant across platforms. This aircraft independence has been demonstrated through successful
implementations across a significant range of aircraft types [8–11]. The energy-based formulation also
provides natural handling of nonlinear effects such as thrust lapse with altitude and speed, and variations
in lift, drag, and pitching moment characteristics across the flight envelope.

This paper presents an advanced application of TECS to a fully nonlinear model of a business jet
aircraft, specifically addressing: (i) the implementation challenges associated to the adaptive elements
commonly found in realistic aero-propulsive models, and (ii) the development of a comprehensive
flight envelope protection system that leverages TECS’s energy-based framework. We introduce some
example addressing the requirements of regional transport aircraft, including improved performance
during fast departure procedures, and adaptive gain scheduling based on flight condition.

2 Aircraft nonlinear 3-DoF flight dynamics model

The six-degrees-of-freedom (6-DoF) atmospheric motion of a rigid airplane is governed by a system
of nonlinear ordinary differential equations [12, 13] embedding a properly engineered aero-propulsive
model. The 3-DoF model of an aircraft motion in wings level flight is a particular case of the general
6-DoF formulation. The derivation of such systems assumes a clear identification of two reference
frames: a ground-based frame (treated as inertial), and an aircraft-based frame. These two standard
reference frames are shown in Figure 1 for the 3-DoF assumption.

From the general formulation provided by De Marco et al. [13] and by Napolitano [14], the full
set of equations governing the 3-DoF, longitudinal-symmetric motion of a rigid airplane becomes the
following:
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Equations (1) are known as the Conservation of the total Linear Momentum Equations (CLMEs) [14] —
where 𝑚 is the aircraft mass, and −𝑚( ¤𝑢 + 𝑞𝑤) as well as −𝑚( ¤𝑤 − 𝑞𝑢) are inertial forces. Similarly,
Equation (2) is the Conservation of the total Angular Momentum Equation (CAME) in the body frame
FB — where the moment of inertia 𝐼𝑦𝑦 is a known property of the model, M = M (A) +M (T) is the
the total, external pitching moment, and −𝐼𝑦𝑦 ¤𝑞 is the inertial couple (see Figure 1). Equations (3) are
the Flight Path Equations (FPEs) in the Earth-based inertial frame FE, and are used to reconstruct the
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Fig. 1 Earth-based NED frame FE = {𝑂E; 𝑥E, 𝑦E, 𝑧E} and aircraft body-fixed frame FB = {𝐺; 𝑥B, 𝑦B, 𝑧B} in wings
level flight (axes 𝑦E and 𝑦B normal to the page). Plane trajectory and velocity vector 𝑽 of aircraft gravity center
𝐺 with respect to the inertial observer. Standard definitions of altitude ℎ = −𝑧E,𝐺 , aircraft second Euler angle 𝜃
(Elevation angle), and flight path angle 𝛾. Aerodynamic axis 𝑥A, angle of attack 𝛼, elevator angle deflection 𝛿e,
and aerodynamic external actions (𝐷, 𝐿;M). Thrust vector, thrust magnitude 𝑇 , thrust line angle 𝜇𝑇 , thrust line
eccentricity 𝑒𝑇 .

trajectory of the aircraft gravity center 𝐺 as a curve in FE — in a 3-DoF and wings level flight, without
loss of generality, it is assumed that 𝐺 moves in the vertical plane 𝑥E𝑧E, that remains superimposed
to 𝑥B𝑧B. Finally, Equation (4) is the 3-DoF rigid-body Kinematic Equation (KE) for the only nonzero
aircraft attitude angle 𝜃 in wings level flight. It propagates 𝜃 in time only in terms of the pitch angular
rate 𝑞. The reader is referred to the book by Stengel [12] for a comprehensive explanation that justifies
the 3-DoF formulation.

As depicted in Figure 1, the aircraft weight 𝑾 is a vertical force vector, i.e. always aligned to the
inertial axis 𝑧E, of magnitude𝑊 = 𝑚𝑔 (with 𝑔 the gravity acceleration), that is expressed in terms of its
components in body-axes: 𝑊𝑥 = −𝑚𝑔 sin 𝜃, and 𝑊𝑧 = 𝑚𝑔 cos 𝜃. The components in body-axes of the
instantaneous resultant aerodynamic force are commonly expressed as: 𝐹 (A)

𝑥 = −𝐷 cos𝛼 + 𝐿 sin𝛼, and
𝐹

(A)
𝑧 = −𝐷 sin𝛼 − 𝐿 cos𝛼, where the aerodynamic drag 𝐷, and the aerodynamic lift 𝐿 are involved to

conveniently model the effect of the external air flow on the airframe. The state variables (𝑢, 𝑤), defined
as components in FB of the aircraft gravity center velocity vector 𝑽, are expressed in terms of 𝛼 as:
𝑢 = 𝑉 cos𝛼, and 𝑤 = 𝑉 sin𝛼, where 𝑉 = (𝑢2 + 𝑤2)1/2 is the instantaneous airspeed. Consequently, the
instantaneous angle of attack 𝛼 is given by 𝛼 = tan−1 𝑤/𝑢. The aerodynamic forces and the aerodynamic
pitching moment are expressed in terms of their aerodynamic coefficients according to the conventional
formulas: 𝐷 = 1

2 𝜌𝑉
2𝑆𝐶𝐷 , 𝐿 = 1

2 𝜌𝑉
2𝑆𝐶𝐷 , and M (A) = 1

2 𝜌𝑉
2𝑆𝑐𝐶M , where the external air density 𝜌 is

a known function of the flight altitude ℎ = −𝑧E,𝐺 , 𝑆 is a constant reference area, 𝑐 is a constant reference
chord, and coefficients (𝐶𝐷 , 𝐶𝐿 , 𝐶M) are modeled as functions of aircraft state variables, of some state
variable rates, and of external inputs.

The resultant thrust force 𝑭 (T) , which is a vector of magnitude 𝑇 , can be expressed in terms
of its body frame components, in the case of symmetric propulsion (zero 𝑦-component), as follows:
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𝐹
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𝑧 = −𝑇 sin 𝜇T, where 𝜇𝑇 is a known constant angle formed by the thrust line in
the aircraft symmetry plane with the reference axis 𝑥B, 𝑇 = 𝛿𝑇 𝑇max (ℎ, 𝑀), 𝛿𝑇 is the throttle setting (an
input to the system), and 𝑇max (ℎ, 𝑀) is the maximum available thrust, i.e. a known function of altitude
and flight Mach number 𝑀 . The pitching moment due to thrust is given by the direct action of the thrust
vector about the aircraft gravity center, and is expressed as: M (T) = 𝑇 𝑒𝑇 , where the eccentricity 𝑒𝑇 is
a known parameter, positive when the thrust line is located beneath the center of gravity (𝑒𝑇 < 0 as
shown in Figure 1).

Equations (1) and (2) are actually set in closed form because all forces and moments are modeled
as nonlinear functions of aircraft state variables and external inputs, and commonly as linear functions
of some state variable rates. The system of (CLMEs)-(CAMEs)-(FPEs)-(KE), that is (1)-(2)-(3)-(4), is
the full set of coupled nonlinear differential equations governing the 3-DoF rigid-body dynamics of
atmospheric flight. They propagate the 6-dimensional state vector 𝒙 = [𝑢, 𝑤, 𝑞, 𝑥E,𝐺 , 𝑧E,𝐺 , 𝜃]T, while
the right-hand sides of (1) and (2) feature the effects of the input vector 𝒖 = [𝛿e, 𝛿𝑇 ]T, i.e. the elevator
deflection angle and the throttle setting 𝛿𝑇 .

A validated high-fidelity, nonlinear aerodynamic and propulsive model for the Cessna Citation II
aircraft has been assumed for the case study presented in this work, but the details are omitted here for
brevity.

3 The Total Energy Control System (TECS)

As shown also by other works [2, 6, 8] dealing with fixed-wing aircraft configurations, the TECS is a
MIMO energy-based navigation control strategy that is capable to provide all vertical flight path and
airspeed control mode functions. TECS separates the control loops for flight path and speed, thereby
overcoming the limitations of SISO control systems that manage altitude and speed independently.
This is accomplished by regulating the aircraft total energy and facilitating energy transfer between
acceleration and flight path angle.

Based on the well-known theory of transport aircraft performance [12, 14], where the vehicle is
modeled as a point mass, with the further assumption of a slowly varying mass, the total energy of an
aircraft in flight can be expressed as the sum E = 𝑊ℎ + 1

2𝑚𝑉
2 of its gravitational potential and kinetic

energy. Therefore, the specific energy rate ¤E/(𝑚𝑔𝑉) can be expressed as ¤𝐸 = ¤𝑉/𝑔 + ¤ℎ/𝑉 .
From the Newton’s law applied to the point mass airplane, projected along the instantaneous tangent

𝑥A to the flight trajectory, assuming 𝜃 ≈ 𝛾, for small values of the flight path angle [12] — therefore
sin 𝛾 ≃ 𝛾 ⇒ ¤ℎ = 𝑉 sin 𝛾 ≃ 𝑉𝛾 ⇒ ¤ℎ/𝑉 ≃ 𝛾, that is, excluding high-performance aircraft such as jet
fighters or aerobatic airplanes that can reach high values of 𝜃 and 𝛾 in climbing flight — it follows that
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[( ¤𝑉
𝑔

)
+ 𝛾

]
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The above expression is known as the ‘excess thrust over drag,’ also indicated as Δ𝑇 .
In level flight (𝛾 = 0) at constant speed ( ¤𝑉 = 0), thrust is trimmed against the drag of the aircraft

(𝑇 − 𝐷 = 0), so the variation of thrust command with respect to its equilibrium value is defined by

Δ𝑇c = 𝑚𝑔

(
𝜀 ¤𝑉
𝑔

+ 𝜀𝛾
)
∝ 𝜀 ¤𝐸 (6)

where 𝜀 ¤𝑉 = ¤𝑉 − ¤𝑉c, 𝜀𝛾 = 𝛾 − 𝛾c, and 𝜀 ¤𝐸 = ¤𝐸 − ¤𝐸c are the errors in ¤𝑉 , 𝛾, and ¤𝐸 , respectively, on
the ‘commanded’ values. According to (6), altering the thrust of the airplane will alter the sum of the
airplane flight path angle and acceleration along the flight path, which is proportional to the specific
energy rate. Therefore, engine throttle in a fixed-wing aircraft can be used to control the amount of total
energy as in a reservoir analogy [3].
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Fig. 2 Autopilot high-level scheme. TECS Core algorithm with speed-priority logic during thrust saturation, as
highlighted. Autothrottle and pitch damper inner loops are the aircraft-dependent, gain-scheduled controls.

The TECS Core algorithm structure is illustrated by Figure 2. To generate the control error signals 𝜀 ¤𝐸
and 𝜀 ¤𝐿 , the (commanded and actual) signals 𝛾c, 𝛾, ( ¤𝑉/𝑔)c, and ( ¤𝑉/𝑔) are required. The chosen control
algorithm structure for developing coordinated thrust and elevator commands employs proportional and
integral control feedback. However, only ¤𝐸 and ¤𝐿 feedbacks are used for the proportional terms instead
of the error signals to prevent the creation of unwanted zeros in the system transfer functions, which
would lead to undesirable overshoot in the command response.

A simple Proportional-Integral control is then formulated to relate the desired changes in energy
rate to thrust (𝑇c) and thrust setting (𝛿𝑇,c) commands, in the form of the following transfer laws:

𝑇c = 𝑊

(
𝐾TP + 𝐾TI

𝑠

)
𝜀 ¤𝐸 =⇒ 𝛿𝑇,c =

(
𝐾𝛿𝑇P +

𝐾𝛿𝑇 I

𝑠
+ 𝐾𝛿𝑇D 𝑠

)
𝑇c (7)

where 𝐾TP and 𝐾TI are respectively the proportional and the integral gains of the TECS thrust command.
According to Figure 2 (Outer-loops, TECS Core), these gains do not depend on the aircraft particular
model.

On the contrary, the scheduled gains 𝐾𝛿𝑇P, 𝐾𝛿𝑇 I, 𝐾𝛿𝑇D (Figure 2, Inner-loops, Throttle controller)
are the result of thrust control using Proportional-Integral-Derivative (PID) controllers, properly tuned
on several linearized plant models. These gains are interpolating functions of airspeed and altitude over
sets of fine-tuned values obtained for a dense grid of operating points within the performance envelope
of the particular airplane under study. The fine tuning of the aircraft dependent inner-loop thrust control
law has been performed with the MATLAB PID tuner app. In this scenario, the integral control (𝐾TI/𝑠)
is essential for adjusting 𝑇c to any desired condition and drive the error 𝜀 ¤𝐸 to zero.

Regarding the other input option to the open-loop plant model, i.e. the commanded elevator 𝛿e,c
deflection, it is well known that elevator control is able to maintain a desired energy level with good
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approximation [2, 3]. This allows the pilot to exchange potential energy for kinetic energy and vice versa
using this aerodynamic surface, without significant short-term energy loss. Therefore, the elevator can
be used for energy distribution control. Defining the specific energy distribution rate, also known as
Lagrangian ¤𝐿 = ¤𝑉/𝑔 − 𝛾, a second Proportional-Integral control law can be applied to convert errors
in the desired energy distribution rate 𝜀 ¤𝐿 into attitude angles and, consequently, into elevator angle
commands:

𝜃c =

(
𝐾EP + 𝐾EI

𝑠

)
𝜀 ¤𝐿 =⇒ 𝛿e,c =

(
𝐾𝜃P + 𝐾𝜃I

𝑠
+ 𝐾𝜃D 𝑠

)
𝜃c (8)

where𝐾EP and𝐾EI are respectively the proportional and the integral TECS core gains of the commanded
attitude angle 𝜃c. Again, according to Figure 2 (Inner-loops, Pitch controller), the functions 𝐾𝜃P, 𝐾𝜃I,
𝐾𝜃D are scheduled PID controllers’ gains, that vary according to airspeed and altitude, and are aircraft
dependent.

Typically, controlling 𝜀 ¤𝐿 with the elevator requires an inner-loop control law to stabilize the airplane’s
short period mode, such as a conventional Stability Augmentation System (SAS)/Control Augmentation
System (CAS). The short period SAS/CAS and the engine control loop are the only aircraft-dependent
systems in the TECS strategy. They must be designed in a way that they produce similar dynamics,
ensuring coordinated control. Moreover, the variable elevator effectiveness must be compensated by
gain scheduling the overall elevator command with a set of nonlinear functions of airspeed and altitude.

The TECS core feedback gains 𝐾TI, 𝐾TP, 𝐾EI, and 𝐾EP used in developing the thrust and elevator
commands, are designed to produce identical dynamics for energy rate error 𝜀 ¤𝐸 and energy distribution
rate error 𝜀 ¤𝐿 , whether for a flight path angle command or a longitudinal acceleration command. The
MIMO control law enables precise coordination of thrust and elevator to achieve decoupled command
responses. Consequently, a flight path angle command will not cause significant speed deviation and
vice versa. Another perspective on command response decoupling is that for a flight path angle or
acceleration command, the dynamic response of 𝜀 ¤𝐸 and 𝜀 ¤𝐿 must be identical; otherwise, energy is
added to or subtracted from the variable intended to remain constant. A typical TECS-based autopilot
architecture involves multiple control modes. The one considered here takes two setpoints for the
variables 𝑉 and 𝛾. The error 𝜀𝑉 is converted into an airspeed error signal, which is then multiplied by
the factor 𝐾𝑉 to get the normalized acceleration command ( ¤𝑉/𝑔)c. The altitude error is first converted
into a vertical speed command by multiplying it with the factor 𝐾ℎ; this vertical speed command is then
transformed into a flight path angle command 𝛾c by a division for 𝑉c.

Fig. 3 Cessna Citation II aircraft. Three-view drawing and main properties.
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4 Nonlinear control simulations for the Cessna Citation II

The Cessna Citation II is a light corporate jet whose three-view drawings and main properties are shown
in Figure 3. For a full nonlinear model of this aircraft, the gains of the TECS core algorithm as well
as the inner-loop controllers gains (see Figure 2) have been determined in order to meet the following
requirements: (i) for a fixed altitude setpoint and a 2 m/s step change of the airspeed setpoint, the altitude
should not exceed 1.6 m from its trimmed value; (ii) for a fixed airspeed setpoint and a 10 m step change
of the altitude setpoint, the airspeed should not exceed 0.2 m/s from its trimmed value.

Figure 4 shows the results of TECS tuning assessments in terms of time histories of airspeed,
altitude, specific energy rates, and commanded inputs. According to the expected TECS decoupling
feature, these tests demonstrate that isolated airspeed or altitude changes are achieved with negligible
oscillatory altitude or airspeed variations, respectively. The two examples indicate, however, that the
control system possesses somewhat slow dynamics. The transfer functions of the open-loop plant
(including actuator dynamics) are those of a 5th-order system. Given this complexity, it is not surprising
that the presented PI controller is slow in reaching the given setpoints. To address this issue more
effectively, a more advanced control strategy such as the Compensator-Prefilter approach would be
recommended, but this is beyond the scope of the present work. Yet, it must be noted that this behaviour
is acceptable as a guidance approach for the chosen general aviation aircraft.

This study proposes two further testing scenarios of the TECS autopilot design as a pilot behavioural
model, achieved by injecting sequences of setpoints on altitude and airspeed (see Figure 2). An aggressive
climb simulation has been performed in the next scenario, executing a control task that tracks the
maximum rate of Rate of Climb (ROC) performance. This example reproduces a control functionality
that can be found in onboard performance management systems. The simulative model incorporates
the effects of fuel consumption, reflecting real-world scenarios where mass and inertias are not static
but change over time. This refinement enabled a further assessment of the robustness of all controllers.
Figure 5 and Figure 6 show the simulation results where the airspeed setpoint has been continuously
generated to ensure the aircraft climbing to the target altitude while maintaining the maximum theoretical
ROC. This example of a continuously varying setpoint tracking demonstrates an instantaneous fastest
and optimal climb, i. e. a minimum-time-to-climb manoeuver.

Fig. 4 TECS tuning assessment. Controlled system response to separate step changes in airspeed and altitude
setpoints, respectively. The two simulations start from the same initial trimmed flight condition at an altitude of
7000 m and Mach number 0.54. Tuned gains: 𝐾TP = 𝐾EP = −0.65, 𝐾TI = 𝐾EI = 0.20286, 𝐾ℎ = 𝐾𝑉 = 0.03. Left:
Step demand in airspeed increase of 2 m/s. Right: Step demand in altitude increase of 10 m.
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Fig. 5 Flight performance envelope, including ROC time history (coloured line in a climb from Sea Level to an
altitude of 12 km) during maximum ROC tracking simulation with varying mass.

Finally, a resilience test is presented to evaluate the robustness of the TECS autopilot design against
potential attacks/faults. This test involves injecting an anomalous sequence of altitude and airspeed
setpoints, potentially generated by adversarial agents or arising from faults. The simulation results
are shown in Figure 7. The aircraft has been instructed to perform: (i) an initial accelerated climb,
(ii) a successive steep climb while accelerating, (iii) a descent at constant airspeed, and finally (iv) a
steep descent while decelerating. To demonstrate energy management when thrust saturates, an elevator
control priority allocation has been performed. During the steep climb segment (ii), the controller
saturates the thrust, the commanded flight path angle 𝛾c goes above the threshold 𝐾ECP (𝛾 + ¤𝑉/𝑔), hence
a Speed-on-Elevator Control Priority (SoECP) is invoked [4]. The gain 𝐾ECP defines the amount of
energy reserved for climb/descent commands during decelerations/accelerations to select which variable
to favour, speed or altitude. The ROC increase in the first two phases (i)-(ii) of the simulation, as the
aircraft approaches the airspeed setpoints, is shown in the plot of 𝑉 . Once the second airspeed setpoint
is captured, thrust drops below 𝑇max, allowing for smooth capture of altitude. Successively, after the
constant speed descent (iii), with the aircraft flying in a steep descent (iv), the commanded thrust
reaches its minimum (saturates to zero), and a Path-on-Elevator Control Priority (PoECP) strategy is
invoked [4], favouring flight level tracking and limiting the altitude undershoot. The results show that,
although under saturation conditions — potentially due to adversarial or anomalous autopilot command
signals generated by attacks or faults — the TECS strategy is resilient while still guaranteeing safety
and performance.
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Fig. 6 TECS energy management during maximum ROC tracking simulation with varying mass.

Fig. 7 Elevator control priority switching during the simulation with limit thrust. Thrust saturation is highlighted,
as well as special control modes. Rate of descent not saturated and no speedbrakes actuation.
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5 Conclusion

This paper presented some selected test cases of TECS applied to a fully nonlinear model of fixed-
wing aircraft. The results show that the TECS core algorithm is able to manage the energy states
of the aircraft, ensuring coordinated control of thrust and elevator to achieve decoupled command
responses. The proposed control strategy is robust and can be used for a wide range of flight conditions,
including aggressive manoeuvres and energy management during thrust saturation. The autopilot design
is effective in tracking setpoints and maintaining the aircraft within the desired flight envelope. The
work demonstrates that this control strategy and its special functioning modes is resilient and can be
used as a pilot’s behavioural model in simulation-based design workflows.
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