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Abstract

The Total Energy Control System (TECS) has been proposed as an alternative control concept to track both altitude
and speed in longitudinal flight. In TECS, the total energy, which is the sum of kinetic and potential energy, and the
distribution between those two forms of energy is controlled. A combination of throttle and elevator input overcomes
some limitations of conventional proportional-integral (PI) controllers by improving model independence of the design
and considering the flight mechanical coupling between altitude and speed dynamics in the formulation. The aim of
this paper is to establish a comparison between both control approaches focusing on tracking precision, disturbance
rejection and transient response. To this end, a case study was evaluated using the Vitesse model aircraft as testbed.
Simulation results of a closed-loop numerical model of the Vitesse with both control approaches are presented. The
numerical model of the Vitesse is generated using OpenVSP and VSPAero. To find the control gains for both control
approaches, the same design criteria are applied for both PI- and TECS control architectures. Results showed that
both control systems are able to attain the design requirements. The velocity and altitude tracking is satisfactory.
However, TECS is able to track the references with lower overshoot and lower control activity.
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NOMENCLATURE

Θ

Symbols
state matrix, input and output matrices of
state-space system

uK ,vK ,wK translational velocities along the
x,y,z axes

m/s

V

airspeed

m/s

α

angle of attack

x,u,y

BW

bandwidth

state vector, control vector and output
vector

E

total energy

η

elevator control surface deflection

δF

throttle input

g

acceleration due to gravity

γ

flight path angle

rad

GM

gain margin

dB

H

altitude

L

Lagrangian

m

mass

nz

vertical load factor

PM

phase margin

deg

q

pitch rate

dps

A,B,C
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deg
rad/s

pitch angle

deg

Indexes

J
deg

m/s2

m
J
Kg

1

cmd

command

IE

specific total energy rate error integral

IL

energy distribution error integral

kin

kinetic

PL

proportional flight path angle

pot

potential

sp

setpoint

s

specific
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speed value in altitude step tracking-commands and vice
versa.
However, some step disturbance responses in TECSbased control are based on energy exchange and therefore
inherent to the TECS formulation, e.g. TECS is expected to command a nose-down/up as response to an
acceleration/deceleration command [10]. For the TECS,
a controller structure based on a flight-test-proven
controller from [11] is used instead of the so called
original structure in [2]. In the latter TECS formulation,
control errors are compensated with proportional and
integral control and the controlled variables used in
the TECS formulation are fed back with proportional
control. Those TECS control errors and variables will
be introduced in Sec. 3. With this architecture, the
TECS in ref. [2] is similar to the formulation of Lambregts [6]. The structure used in this work, as derived
in ref. [11], changes the proportional feedback paths in
TECS in comparision to the aforementioned authors.
This modifications are detailed in Sec. 3.
A comparison between this TECS control structure and
the PI structure is the new contribution of this work. In
the comparison, one set of requirements is used to tune
both controllers, TECS and PI. This work introduces the
tuning methodology for the TECS controller and evaluates the difference in the effort for the controller tuning.
Both controllers are implemented on the a Pixhawk 4
mini, using the PX4 flightstack as a foundation. The
basic PX4 flightstack source code is publicly available to
contribute to the open source community and expand the
selection of controllers for this platform. In terms of ecologic efficiency, this paper aims to compare the control
actuation demand of both controllers. This contribution
evaluates the overall performance of PI and TECS controllers using the Vitesse motor glider model aircraft as a
test case, for which a fast methodology to derive a model
for the purpose of model based design is introduced in
the following Section.

Abbreviations
CG

center of gravity

CRRCSim

Charles River Radio Control Flight Simulator

MIMO

multiple-Input Multiple-Output

OpenVSP

Open Vehicle Sketch Pad

PI

proportional Integral

SISO

single-input single-output

TECS

total energy control system

VLM

vortex lattice method

1. INTRODUCTION
For the selection of an altitude and speed control structure, in general aviation multiple options are available.
Classically, the altitude and speed control functions are
provided by pitch autopilots and autothrottle controllers
[1–4]. Although in refs. [3,4], speed modes are described
that do use the elevator, e.g. constant mach climb mode
and level change mode, the control allocation is mostly
using throttle for airspeed control (autothrottle) and the
elevator for altitude control. This is based on the initial
reaction of airspeed and velocity due to commands on
both control inputs [3], and also the level of activity of
the motor, which should be in the lower frequency range
to improve its lifetime. A proportional-integral (PI) controller structure adapted to separated pitch autopilot and
autothrottle loops is often employed. Hence the separated autopilot and autothrottle loops are of the type
single-input and single-output (SISO).
Efficiency and performance improvement due to ecologic
constraints is one of the main challenges in the aircraft industry. Possible benefits from an energy-based approach
to the altitude and speed control are related to this goal.
The energy-based approach has the objective to minimize elevator and throttle activity and take advantage
of the aircraft’s energy state by trading in speed and
altitude as a pilot would [1]. The control activity reduction through TECS is highlighted in ref. [5] together
with increased simulation speed in optimisation applications with 6 degree-of-freedom (6DOF) models. Other
advantages of the energy-based TECS approach as increased model independence as expressed by the ability
to use the same controller on different aircraft and reduced design complexity are comprehensively described
in the works by Lambregts [1, 6–9].
Reference [2] features a comparison of TECS and the PI
structure for altitude and speed control wherein the rise
time was the design criterion. A bad step disturbance
rejection is attributed to the PI control structure, as it
does not account for the coupling in the altitude and
speed dynamics. In contrast, the authors remark that an
energy-based control approach (TECS) does not show
this unwanted behaviour. Moreover, with the classical
linear TECS formulation they observed oscillations of the
©2022

2. FLIGHT DYNAMICS MODEL
The comparison study on the control strategies is evaluated using the TU-Berlin fast flight dynamic model. This
is a simplified flight dynamic simulation model based on
the high precision flight simulator in ref. [12]. It is capable of simulating the rigid body equations of motion
without the inclusion of actuators dynamics nor sensor
modelling. The input file for this flight dynamics simulator consist on a stability derivatives file and a mass and
inertia file.
The generation of the flight dynamic model requires the
dimensions of the aircraft. The aircraft’s manual states
the airfoil type of the wings, the airfoil coordinates of
the stabilizers were measured [13]. The mass of the fully
equipped aircraft is taken and the inertia tensor components are obtained from a similar model of the aircraft
included on CRRCSim [14].
Based on those dimensions of the vehicle, the geometry was modeled in OpenVSP. OpenVSP is a conceptual
aircraft-design toolbox that is used to design and model a
great variety of airplanes [15]. This parametric geometry
2
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FIG 1. Vitesse geometry and panel discretisation in OpenVSP

FIG 2. PI controller structure

SISO approach in this study, also enabling the comparison
to the conclusions of ref. [2]. Care must be taken adding
integration in the velocity loop when a non-minimal phase
zero is present in the transfer function from the thrust to
the velocity, which results from a motor action line below
the CG. [3]. As control allocation selection, the throttle
is chosen as input variable for speed control due to its
more direct effect on speed and superior phugoid damping compared to an elevator-based control approach [3].
Analysis of the transfer function from thrust input to velocity response determines all zeros and poles in the left
plane. So, the transfer function is minimum phase and
integration in the PI speed loop is acceptable. The elevator was chosen for altitude control resulting in the same
control allocation of ref. [2].
In PI control, the tracking error e, defined by command
(cmd) value minus actual value, is sent to a proportional
(P ) gain factor and in parallel to an integral (I) gain.
The sum of the error times these gains becomes the command (cmd) to an inner-loop or directly to an actuator,
see Fig. 2. The following equations give the PI control
loops:
Z
(1)
δFcmd = KP v eV + KIV
ev dT
Z
(2)
Θcmd = KP H eH + KIH eH dT

modeler has different building capabilities that allow the
operator to include main lifting surfaces, fuselages, pods,
and power units in the model. At the same time, this
toolbox is able to generate aerodynamic models based
on the Vortex Lattice Method (VLM). The VLM engine
inside OpenVSP is called VSPAERO. This software allows
to build fast linear VLM models. In VSPAERO, the discrete vortices of the model are build based on the panels
generated by OpenVSP and the entire surface is evaluated to obtain forces and moments. Different studies
have proven that aerodynamic analyses done with OpenVSP have a good correlation with other VLM programs
and experimental results [15], [16].
VSPAERO also allows the calculation of all stability and
control derivatives. The derivatives are calculated using the difference between a base set of values and the
solution of small step variations in the angle of attack,
sideslip angles, all angular rates, and control surface deflection [17]. The OpenVSP geometry and panel discretisation of the Vitesse V2 glider is shown in Fig. 1.
The output file from OpenVSP needs to be rotated from
its specific reference frame (as shown in Fig. 1) to the
body-fixed reference frame, as defined in [3]. Once the
derivatives are transformed to the proper orientation the
flight dynamic model is built. The program allows to
numerically trim the aircraft and to generate nonlinear
models of the vehicle at different envelope points. These
models can be linearized to design and evaluate different
flight control laws in different flight conditions.

Reference [3] highlights the need for an inner-loop feedback of climb rate Ḣ or path angle γ to improve stability
when using an integrator in the altitude control law. This
inner-loop feedback is also applied in ref. [19]. To analyse
and compare the control structure in ref. [2], height-rate
feedback is ignored, resulting in the structure in Fig 2.
Further restrictions to a simple design in the altitude control apply in a nonlinear case. Large control errors can
lead to controller actuator saturation or envelope violations. In this case a reference governor may be required [3], [20]. Some examples of these limits include:
• Height difference has to be limited to a value that relates to a pitch angle boundary,
• Load factor n
z ∼ Ḧ has to be limited for envelope
protection,
• The climb rate Ḣ has to be limited to aircraft performance.

3. CONTROL STRATEGIES
This section describes the controller structures for altitude and speed control.
3.1. Proportional-integral control strategy
The authors of ref. [3] suggest the PI structure for cascaded loop control if stationary precision is needed. Also
a PID structure is proposed as a standard structure for altitude and speed control. Nevertheless, the PI approach
was used by ref. [4] and ref. [18] for altitude control.
Also ref. [18] and ref. [19] propose the PI structure for
the speed control loop. Therefore, PI control is chosen as
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FIG 3. Simplified TECS

To avoid violating these limitations, in this study small
step variations in altitude and speed are commanded.
Furthermore, the aircraft model is remotely controlled
and has a high control effectivity as demonstrated by the
input matrix B in the Appendix. Therefore, no limitations to the simple PI design are enforced in the simulation study.

is zero for conservation of the total energy. Since the energy balance can only be changed by changing the thrust
setting, elevator deflections produce energy redistribution
with an assumed energy rate of zero,
(8)

The Total Energy Control System (TECS) is a MIMO
control law based on energy exchange principles. TECS
decouples flight path and speed control loops which
avoids the deficiencies of SISO control with separated
control loops for altitude and speed as described in [3].
This is achieved by control of the aircraft’s total energy
and the energy exchange between acceleration and flight
path angle [1].
The total energy of an object with the mass m as sum
of potential energy under the gravitational acceleration g
and the kinetic energy with the speed V is

(9)

so the total energy rate is
Ė = mg Ḣ + mV V̇ .

Dividing the energy rate by mgV gives the nondimensional specific energy rate that is controlled using
throttle
(5)

Ės =

Ė
Ḣ
V̇
V̇
=
+
≈γ+
.
mgV
V
g
g

Wherein the small-angle approximation is done for the
flight path angle γ, which can be estimated as Ḣ
V [21].
Defining the Lagrangian L as
(6)

L = Ekin − Epot ,

then the derivative L̇
(7)
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L̇s = −γ +

V̇
∼η
g

Simultaneous control of the specific energy distribution
rate L̇s and the specific total energy rate Ės aims at
decoupling the longitudinal speed and flight path control
while minimizing elevator and throttle activity. [1]
The TECS formulation used in this study is based on a
modified approach by Lamp [11] in comparison to the
classical TECS formulation by Lambregts [6].
In summary, the modifications of ref. [11] are:
• The use of pure integral control instead of PI control in
the control path of the non-dimensional specific energy
rate to achieve smoother throttle control;
• The use of only the flight path angle γ in the proportional path of the specific energy distribution rate L̇s ,
instead of full proportional feedback of L̇s as defined
in Eq. 9. This results in a better behaviour in turbulent air, as velocity changes will not directly affect the
command value for the pitch angle;
• In this proportional path of the specific energy distribution, the value of γ is first differentiated and then
integrated, see Fig. 3. This change keeps the proportional control untouched and smoothens the resultant
commanded pitch angle for the inner loop.
TECS architecture has been observed to work with different aircraft models without modification of gains [23]
and a TECS structure is used as a standard architecture
in PX4 flightstack for fixed-wing aircraft control. In this
study, the TECS controller structure is given by Fig. 3.

1
E = mgH + mV 2 ,
2

(4)

V̇
.
g

Therefore, the elevator η, assumed to not influence the
total energy, is used to control the rate of energy transfer
L̇ in terms of the flight path and speed and the division by
mgV is again applied to give the specific energy transfer
rate L̇s in Eq. 9, as in refs [21, 22]:

3.2. Total Energy Control System

(3)

Ės = 0 = γ +

L̇ = Ėkin − Ėpot

4
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3.4. Controller Tuning
A reduced state space representation of the trimmed and
linearized aircraft is used for controller tuning, given by
(10)
(11)

FIG 4. Pitch controller structure

The matrices A (state matrix), B (input matrix), C (output matrix) and D (feedthrough matrix) are given in the
appendix for a trim point of a horizontal flight at 18 m/s
and 50 m height above ground which relates to 300 m altitude above mean sea level in the present example. The
state vector x of the linear model is defined as

To allow for a fair comparison, both the PI and the TECS
controller build upon the identical pitch controller. The
structure of the pitch controller is a proportional pitch
angle (Θ) loop on with a proportional pitch rate (q) innerloop, see Fig. 4.

(12)

3.3. Control Requirements

x=[

α

V

q

T

θ

]

,

although the variables here mean the variations with respect to their nominal values at the trim point. The
aircraft model has five control inputs; elevator, motor,
flaps, ailerons and rudder. In case of longitudinal controller design, the input vector u is given by:

In this study, the term requirement is used as a synonym
to the term detailed design criterion. The requirement
definition starts with a system analysis to define goals
that are reachable considering the unaugmented aircraft
performance. The aircraft is well damped in the short
period and the phugoid exhibits a low damping. The
elevator and the motor have a high influence on the longitudinal control of the aircraft, see the input matrix (B)
in the Appendix.
Based on this system analysis, the requirements for gain
margin (GM) and phase margin (PM) are selected to
fulfill the boundaries of the SAE94900 [24] for frequencies
below the aeroelastic modes which are GM > 6 dB and
PM> 45 deg. As no gain scheduling is planned, the gain
margin is increased to 9.5 dB to compensate for deviating
the trim conditions. The relation between gain margin
and gain scheduling is emphasised in ref. [19].
The pitch damping is constrained to the limits of MILF-8785C [25]. As the unaugmented aircraft exhibited
good pitch damping, the minimal pitch damping ratio
with the pitch controller loops closed is required to be
above 0.7. The bandwidths of the control channels are
selected above 1.2 rad/s for the pitch and higher than
0.3 rad/s for the airspeed and altitude control, based on
the need to separate the bandwidth of internal and external loops by a factor of two for a damping of 0.7 as
described in [11]. Brockhaus et al. [3] also state the need
for frequency separation in cascaded systems. Ref. [26]
states how the phase of the plant has to be considered in
selecting the bandwidth for cascaded loops. Ref. [11] calculates an example with cascaded PT1 loops and comes
to the conclusion, that for unity damping the outer loop
has to be four times slower than the inner loop. In comparison to this bandwidth separation factor of four, the
bandwidth separation criterion is relaxed to enable lower
gains in the pitch loop, see Sec. 3.4. The design requirements are summarized in Tab. 1.

©2022

ẋ = Ax + Bu ,
y = Cx + Du .

(13)

u=[

η

δF

],

where η is the elevator deflection and δF is the throttle
input.
The state vector, Eq. 12, used for the controller tuning is
selected according to ref. [4]. Note that the manoeuvres
are simulated with the trim points at 15 or 20.5 m/s, see
Sec. 4. For the design, the elevator actuator model of
ref. [4] was added to the plant, which is a simple-lag with
the time constant 0.1 s.
Since the pitch controller structure is simple, the design is
done classically, with root locus analysis combined with
Nichols chart evaluation of closed loop bandwidth and
open loop margins. The margins are defined by the intersections of frequency response and the horizontal and
vertical lines in the Nichols chart in Fig. 5.
In addition, up to ten criteria (Crit 1 - Crit 10 ), as the
pitch loop damping (PitDmp), pitch loop gain margin
(PitGM), phase margin (PitPM), closed loop bandwidth
(PitBW) and maximum elevator response (PitEta) are
analysed with a self-developed linear system testing tool
lintestBench. This tool lists the criteria imposed on
one control loop and their satisfaction. The requirements
are defined with soft (good to have) and hard target
(mandatory) values by the designer. Bars display if the
hard target is satisfied when the bar is in the adequate
area, see Fig. 5.
Soft target satisfaction is not mandatory. The better
a soft target is attained, the lower to the bottom line,
labelled best, the bars are. Oftentimes, improving one
requirement results in less satisfaction of another. This
so called waterbed effect can be easily identified using the
visualisation in lintestBench and a compromise can be
found adapting the weighting factors of the gains calculation method. For the definition of the gains in the
PI-Controller (see Fig. 2), the H∞ method is used. For
that, the MATLAB routine looptune is used to perform
optimisation based on frequency criteria. The frequencydomain criteria are given in form of sensitivity and co-

5
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TAB 1. Control requirements

Pitch attitude

Airspeed control

Altitude control

Structure

Required

Proportional with inner
pitch rate loop

Damping ratio > 0.7
GM > 9.5 dB, PM > 45 deg
Closed loop BW > 1.2 rad/s
Elevator < 1 deg for unity step

PI or TECS

Damping ratio > 0.5
GM > 9.5 dB, PM > 45 deg
Closed loop BW > 0.3 rad/s

PI or TECS

Damping ratio > 0.5
GM > 9.5 dB, PM > 45 deg
Closed loop BW > 0.3 rad/s

sensitivity demands. MATLAB allows to conveniently
specify requirements in an application-oriented manner.
Herein, the tracking bandwidth and maximum steady
state error are specified. These application-oriented requirements are translated to weighting functions on the
complementary sensitivity. The translation of requirements to weighting functions used for shaping the transfer functions is an arduous process. Some application
examples are available in [27] and [28], both based on
the work of Apkarian, Noll and Gahinet [29, 30].
Besides satisfying the requirements of Tab. 1, the bandwidth and damping of the PI system should be close to
the TECS system for a fair comparability. Not all requirements of Tab. 1 are defined in the looptune optimisation. In fact, a combination of using these and the
visualisation in lintestBench was applied instead.
The definition of the gains in the TECS controller in Fig.
3 is accomplished with gridding. First, the innermost
gains – KIE for the specific total energy rate error integral gain, KIL for the energy distribution error integral
gain and KP L for the proportional flight path angle gain
– are varied.
One restriction, that KIE shall equal KIL , is applied
to simplify the design. Further, it is considered to be
optimal to reach identical dynamics in energy rate error
Ėe and energy distribution rate error L̇e as required by
ref. [31].
After varying n times KI ( = KIE , KIL ) and n times
KP L , the resultant grid of n2 TECS controllers is generated, and a coupling of each combination to the lower
cascades (pitch controller and plant) is accomplished.
The resultant n2 systems V̇cmd → V̇ and Ḣcmd → Ḣ
are analysed for bandwidth and damping. Based on the
following final criteria a set of gains is selected from the
grid:
- Bandwidth separation 1: The maximum bandwidth of
the TECS loops should be less than half of the pitch
loop;
- Bandwidth separation 2: The TECS bandwidth shall
be at least two times the desired bandwidth of the
respective outer speed and altitude loops;
- The
√ damping of the TECS loops shall be sufficiently
( 2 times) greater than the desired damping for the
outer speed and altitude loops.
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In the absense of a model for the motor dynamics, the
bandwidth criterion for the loop V̇cmd → V̇ was violated
as the loop became too fast. Analysis in Sec. 5 point to
an effect of this on the speed control behaviour.
After the design of the TECS gains, the speed loop is
added by gridding over the proportional speed loop gain
KP ∆V , see Fig. 3, using the same gridding criteria of
bandwidth and damping and the evaluation of all requirements of Tab. 1 for the determination of the gain. The
same procedure is then applied to the proportional altitude loop gain KP ∆H .

FIG 6. Vitesse V2 model

4. CASE OF STUDY
60 m. Therefore, the aircraft model was trimmed at
20.5 m/s and 50 m of height.
• Manoeuvre 4 is a simultaneous change in velocity and
height from from 15 m/s to 20.5 m/s and from 50 m
to 40 m. The aircraft model was trimmed at 15 m/s
and 50 m of height.
Nevertheless, the gains for both control laws were designed for a flight condition of 18 m/s and 50 m. These
manoeuvres will allow to observe the energy change to
achieve two different steady state conditions. At the
same time, the manoeuvres will help to observe the response of the different control loops to crossed reference
commands and to show the difference in control actuation.

The case study of this research is the Vitesse V2 model
aircraft. It is a composite material radio-controlled motor
glider. The aircraft is shown in Fig. 6.
The glider has a span of 3 m, a fuselage length of 1.385
m, and a wing surface of 0.655 m2 . The take-off weight
of the fully instrumented aircraft is 3.1 kg. The instrumentation consists of a Pixhawk 4 mini bundle with a
GPS and an air data probe installed on the right wing.
The system is capable to provide all angular rates, Euler
angles, control commands to the motor and control surfaces, airspeed, ground speed, and position. Part of the
requirements of the controllers was based on the available data of this system. Four manoeuvres are selected
to identify the performance of the controllers.
For the initial assessment of the controllers, the first two
manoeuvres are analysed.
• For Manoeuvre 1, the aircraft model was trimmed at 18
m/s and 50 m of height. From the trim point, the manoeuvre consists of an height variation step command
of 10 m while keeping the velocity constant.
• For Manoeuvre 2, the aircraft model was trimmed at
15 m/s and 50 m of height. Manoeuvre 2 consists of
a step velocity variation command of 5.5 m/s while
keeping the height constant.
Thus, Manoeuvre 1 and 2 are step commands for either
altitude or speed.
The following, remaining two manoeuvres include simultaneous changes in altitude and speed as in a point mass
energy exchange. These energy exchange manoeuvres
are based on the exchange of kinetic energy 21 mV 2 and
potential energy mg∆h, see Eq. 14.
(14)

5. RESULTS
The gains have been determined for the two control laws,
and are summarised in Tab. 2. In the following, the nonlinear closed-loop simulation results are analysed. The
characteristics of both control approaches are assessed
in terms of tracking precision, control usage and disturbance rejection, considering the manoeuvres described in
the previous section.
The combination of controllers and plant result in the
requirement satisfaction documented in Tab. 3.
TAB 2. Control gains
Channel

©2022
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Value

Pitch

KP q
KP θ

0.059
5.3

PI

KP V
KIV
KP H
KIH

1.96
0.0175
2.41
0.355

TECS

KI
KP
KP ∆H
KP ∆V

0.3
0.8
0.3
0.3

1
1
mV22 − mV12 = mg∆h
2
2

Due to stall constraints, one limitation on the manoeuvres is that the lowest commanded speed shall be 15
m/s. Another constraint is that the step response shall
be clearly identifiable and separable from wind influences
in later flight test. Therefore, an altitude step of 10 m is
selected which relates to a speed change of 5.5 m/s by
evaluation of Eq. 14.
Based on this analysis of the energy exchange, the last
two manoeuvres are:
• Manoeuvre 3 is a simultaneous change in velocity and
height – from 20.5 m/s to 15 m/s and from 50 m to

Gain
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TAB 3. Control requirement results

Channel

Structure

Pitch attitude

Proportional with inner
pitch rate loop

Airspeed control

TECS

Airspeed control

PI

Altitude control

TECS

Altitude control

PI

Track precision and disturbance rejection

titude for speed can be observed which is favourable to
reduce throttle activity. The PI again shows a faster response as its bandwidth exceeds the TECS’s. On the
downside, the PI’s throttle activity implies addition of
restrictions to the simple design as described in Sec. 3.
Besides this, note the step disturbance rejection. With
the PI controller, the aircraft gains height as result of
the increased lift and only slowly returns to the height
setpoint.
The TECS on the other hand shows an energy trade to
achieve a smooth step response and less throttle activity. This energy trade is not an unwanted oscillation but
a result of the control strategy. In brief, the results of
Manoeuvre 2 agree with the observations made for Manoeuvre 1.

Figure 7 shows the response to Manoeuvre 1. The TECS
demonstrates less overshoot of 14.8 % while the PI has
an overshoot of 22.4 %. The TECS shows less velocity
deviation (2.1 %), whereas the PI has a drop of 15.1 %
in the velocity. Therefore, the TECS shows a better step
rejection than the PI. The PI can not compensate for the
energy demand of the climb and therefore exhibits bad
velocity step rejection. The PI control strategy demonstrates a significantly faster altitude response with a rise
time of 1.91 s as opposed to 4.37 s with TECS. This is
expected by the fast PI bandwidth in Tab. 3. Still, the
PI’s settling time is larger.
The overall elevator and throttle activity is high with PI
control. The PI exhibits a maximum elevator offset of
7.46 deg from the trim value for Manoeuvre 1. TECS
demands an offset of 0.45 deg. Note, that for the controller design the elevator actuator model of [4] is used,
the flight mechanical simulation however lacks any actuator models which results in a step command to the
elevator in the PI control scheme as result of the step
command in altitude.
Possible improvements in PI control to eliminate such
behaviour are described Sec. 3.
Besides this, the throttle demand of the PI is higher with
a difference of 6.01 N relative to the reference state. The
TECS requires a thrust change of only 3.01 N.
As can be seen in Fig. 7, with the TECS controller, velocity is not traded in for the increasing height demand
in the Manoeuvre 1 as expected. Instead, the velocity increases initially, simultaneously with height. This points
to a coupling of speed and height dynamics and a nonoptimal selection of dynamics in the TECS loops (see
refs. [3] and [31]).
Figure 8 shows the responses to Manoeuvre 2. For the
TECS, in this speed step a reasonable exchange of al©2022

Required
Damping Ratio 0.82
GM 36 dB, PM 94 deg
Closed loop BW 1.9 rad/s
Elevator -0.313 deg for Unity Step
Damping Ratio 0.82
GM inf dB, PM 83 deg
Closed loop BW 0.38 rad/s
Damping Ratio 0.84
GM 54 dB, PM 89 deg
Closed loop BW 0.56 rad/s
Damping Ratio 0.54
GM 13 dB, PM 50 deg
Closed loop BW 0.45 rad/s
Damping Ratio 0.62
GM 17 dB, PM 53 deg
Closed loop BW 1.23 rad/s

Energy exchange manoeuvres
Figures 9 and 10 show the energy exchange manoeuvres.
In the Manoeuvre 3, the setpoints in height and speed are
tracked with a rise time of 4.36 s and 5.28 s respectively
by the TECS. The TECS demonstrates negligible height
overshoot of 1.4 % in and zero overshoot in the speed.
The TECS’s elevator activity is low with a maximum deflection delta from 0.63 deg from trim. The thrust usage
is smooth for the TECS with less than half (1.11 N to
2.39 N) of thrust deviation compared to the PI. For the
PI, the rise times in Manoeuvre 3 are 1.95 s in the height
and 1.4 s in the velocity. The setpoints are reached with
an overshoot of 7.7 % and 20.3 % for altitude and speed.
The PI control activity in the elevator is high, with a difference in deflection of 7.44 deg and an instantaneous
command, as seen above in the altitude step rejection
response.
Figure 10 shows the same trends in Manoeuvre 4. With
the PI, setpoints are reached with more overshoot and
8

ĞƵƚƐĐŚĞƌ>ƵĨƚͲƵŶĚZĂƵŵĨĂŚƌƚŬŽŶŐƌĞƐƐϮϬϮϭ





7(&6
3,







5HIHUHQFH
7(&6
3,














































5HIHUHQFH
7(&6
3,


















7(&6
3,















FIG 7. Manoeuvre 1: positive altitude step combined with speed hold

which were not available. Hence, the energy rate control
is faster than the energy distribution. This explains the
initial acceleration response to an altitude step in Fig. 7.

higher control activity, identifying the need for command
shaping and/or limiting, see Sec. 3.
The energy exchange manoeuvres are calculated to be
ending on the same energy level from a point mass view.
The TECS thrust deviation from trim is positive at start
of Manoeuvre 3, see Fig. 9 and negative in Manoeuvre 4,
see Fig. 10. However, the required thrust oﬀset from the
trim thrust value at the end of those manoeuvres has
a diﬀerent sign than those initial responses. This oﬀset is due changes in aircraft drag with speed, which the
point mass simpliﬁcation does not consider. Based on the
point mass simpliﬁcation, the TECS controller should not
change the throttle setting initially, only slowly to compensate for new aircraft drag as the speed deviates from
the trim point. The initial throttle response in another
direction points to further optimisation possibilities.
These results in the throttle response suggest possibilities
to improve the tuning of the TECS gains with respect to
the dynamics of energy rate error control and energy distribution rate error control. The requirement of identical
error rate dynamics, see ref. [31], can to be evaluated.
By only setting the TECS inner loop integral gains to
identical values, the resultant decoupling leaves room for
improvement. As pointed out in Sec. 3.4 the speed controller dynamics are fast, and in the disturbance rejection
analysis a coupling of speed and height dynamics was also
observed. This can be attributed to the lack of a motor
model as ref. [31] points out that the pitch attitude dynamics should be designed to match the engine dynamics

ΞϮϬϮϮ

6. CONCLUSION
Two longitudinal controllers for a UAV sailplane were developed. The ﬁrst one is based on conventional PI control
and the second one is based on TECS. Both controllers
satisfy all given linear requirements. The simulated airspeed and height commands are tracked smoothly. An
energy trade was observed in the TECS control that could
be used to adapt to wind changes in sailplane operation.
Results showed that TECS demanded lower control activity for all simulated manoeuvres. Therefore, the TECS
can be suggested for energy eﬃcient ﬂight control.
The TECS controller gains were derived with a set of rules
for both bandwidth and damping leading to simple gain
gridding. This lead to less design eﬀort than for the PI.
With this TECS design, the results showed small coupling
between airspeed and height. Therefore, the design criteria for the TECS should be adapted in future design. The
introduced bandwidth separation criteria should be evaluated with regard to the speciﬁc energy rate dynamics
and energy rate distribution dynamics. Although already
exceeding the PI performance, the TECS design can thus
be improved further.
The design for the PI controller resulted in a higher bandwidth and higher overshoot response than speciﬁed in the
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FIG 8. Manoeuvre 2: positive speed step combined with altitude hold
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FIG 9. Manoeuvre 3: positive altitude step in manoeuvre and negative speed step in manoeuvre
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10

ĞƵƚƐĐŚĞƌ>ƵĨƚͲƵŶĚZĂƵŵĨĂŚƌƚŬŽŶŐƌĞƐƐϮϬϮϭ





7(&6
3,

5HIHUHQFH
7(&6
3,













































7(&6
3,











5HIHUHQFH
7(&6
3,
































FIG 10. Manoeuvre 4: negative altitude step in manoeuvre and positive speed step in manoeuvre
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AP P EN DIX

α
V
q
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0
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