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Abstract Control strategies using Incremental Dynamics (ID) are getting the atten-
tion of the aerospace researchers given its robustness and low dependence on ac-
curate aerodynamics model. Previous works proposed cascaded attitude controllers
using backstepping strategy and applying ID to design the rate control in the cas-
caded structure. For a better tracking of the sideslip angle, which is not a truly
kinematic variable, we propose the use of the incremental backstepping strategy in
both control levels — attitude and rate. The airspeed is included in the rate controller
for cruise control. The strategy is applied in simulation to control the attitude of a
Boeing 747 aircraft. The results are compared with the previous approach and the
performance is evaluated according to the military standard MIL-DTL-9490E.

1 Introduction

Three main motivations guide the development of new technologies in the aeronau-
tics industry: 1) the increase of flight safety; 2) the reduction of development and
operation costs; and 3) the increase of the flight performance and the maneuver-
ability of the aircraft. In this scenario, Automatic Flight Control Systems (AFCS)
deserve special attention since they can evolve all three desired aspects.
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Nowadays, most commercial AFCS are still based on classical linear control
techniques [1], with gain scheduling approaches being used to deal with changes in
flight conditions. However, cases like highly dynamic maneuvers or severe struc-
tural/actuator failures may lead to an inaccurate control [2]. Additionally, gain
scheduling techniques are time-consuming since each flight condition requires the
design of several control gains.

In the beginning of the 21st century, AFCS started to be implemented using non-
linear control techniques [3] aiming to increase flight safety and to reduce devel-
opment time since no scheduling is required. Nonlinear Dynamics Inversion (NDI)
and Backstepping (BKS) are two of the nonlinear techniques used in AFCS.

The NDI and BKS techniques are used in many AFCS implementations [4-7],
being the F-35 Lightning II the first aircraft to be produced using NDI in its AFCS
[8]. However, both nonlinear solutions require highly accurate models of the system
to be controlled, that is a costly and time consuming task in which extensive experi-
mentation is necessary to identify the model parameters. A possible alternative is to
introduce robust techniques in the NDI or BKS controllers, but these techniques are
often very conservative, reducing the flight performance.

The advances in onboard computation hardware and in sensing technologies al-
low the improvement of the performance of nonlinear controllers. Online identifi-
cation strategies have been used to develop adaptive nonlinear AFCS and overcome
the model uncertainties, but its implementation must be fast enough to guarantee the
stability of the adaptive closed-loop system [7].

Another alternative to deal with the model uncertainties is the so-called sensor-
based control strategy, in which the precise knowledge of the system is traded by the
precise sensing of its dynamics, reducing even more the identification efforts during
control synthesis.

A promising sensor-based technique consists on the use of Incremental Dynam-
ics (ID) to obtain controllers less dependent of the system model [9, 10]. This tech-
nique produced two new control strategies: the Incremental Nonlinear Dynamics
Inversion (INDI) and the Incremental Backstepping (IBKS) [11, 12]. Both INDI
and IBKS compute incremental commands employing acceleration feedback (sen-
sor measurements) to extract unmodeled dynamics information. In this way, the de-
sign of these sensor-based nonlinear controllers no longer needs the time consuming
and costly dynamics-related model data that depends exclusively on the states of the
system.

The first concepts of the INDI appeared in [9], named as simplified NDI. Later,
the technique was formally developed in [11], becoming known as Incremental NDI.
A discussion on the stability limitations of the INDI strategy is presented in [13].
The INDI control strategy has been applied for different aerial vehicles [14-17],
highlighting the work of [18], which is the first literature on the experimental appli-
cation of INDI in a certified passenger aircraft.

As a sequence of INDI research, Acquatella [12] used the incremental dynam-
ics principle in a backstepping approach. IBKS has been studied at an academic
level with feasibility studies regarding its potential application to different types of
platforms [1, 12,19, 20].
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In the literature, INDI and IBKS have been successfully used to attitude tracking
of fixed-wing aircraft [1,11,12,18,19]. The attitude tracking is commonly developed
in a classic cascade structure as the one presented in Fig. 1. Using the time-scale
separation principle, the control is split into two stages, being the outer one respon-
sible for controlling the aircraft attitude angles, and the inner one for controlling the
attitude rate.

Attitude Control

I
¢ z < |
N 2d C =5 Angle =d i Rate 1 U L
Reference controller & controller I Aircraft
I
I
I

I

I

, ,

I O S
Attitude state Rate state

Fig. 1 Cascaded attitude control structure.

Previous works have applied INDI and IBKS as rate controllers, being the outer-
loop controller implemented using the traditional nonlinear technique since the at-
titude kinematics model is considered as known [1,2, 19]. However, for fixed-wing
aircraft looking for a coordinated flight, a common approach is to track the An-
gle of Sideslip (AoS), which is not a truly kinematics variable of the aircraft and
depends on the aerodynamics. To consider the AoS as a kinematics variable, the
non-gravitational force components of the AoS dynamics model has to be replaced
by measured accelerations.

More recent, [21] proposes the use of a Command-Filtered IBKS applying the
incremental approach in both control levels. The technique has multiple command
filters to attenuate noises and limit the bandwidth of reference signals.

In this paper, we use a similar solution to the one presented in [21], using the
incremental strategy in the outer-loop as well. However, we show that a simpler so-
lution using few differentiators and an Input Scaling Gain [16] is able to solve the
attitude tracking problem. Furthermore, we include the airspeed as a tracking vari-
able of the rate controller, resulting in a combined actuation using control surfaces
and engine thrust. The advantages of our approach are: 1) the simpler formulation
of the control problem; 2) The combined usage of control surfaces and engine thrust
to solve the attitude tracking; and 3) the low noise sensitivity in the outer-loop com-
pared to the solution using BKS.

This work results from the ongoing European project INCEPTION', which is
seeking the development of fault-tolerant AFCS for fixed-wing aircraft allying in-
cremental control strategies, adaptive augmentation and envelope protection. We
choose the IBKS strategy in the cascade structure because of its Lyapunov-based
stability guarantee, which may facilitate possible certification of the AFCS. To

! https://inception-h2020.tekever.com/
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validate the results, a simulator of the Boeing 747 is used. The solutions using
BKS+IBKS and IBKS+IBKS are compared and their results are evaluated accord-
ing to the military standard MIL-DTL-9490E for AFCS [22].

The outline of this document is: Section 2 shows considerations about the atti-
tude kinematics model and the rate dynamics model considered for control design;
Section 3 develops the proposed cascaded incremental backstepping controller; Sec-
tion 4 compares the results using the proposed approach (IBKS+IBKS) with the
BKS+IBKS solution and evaluates the control performance using military standard;
Section 5 presents our final conclusions.

2 Aircraft attitude model

The aircraft can be represented by a nonlinear state-space model:

= f(x, u) 1)

where x and u are, respectively, the state and input vectors.
To design the controllers we extract the attitude model of the aircraft, separating
it in a kinematics model and a rate dynamics model.

2.1 Attitude kinematics model

The considered attitude kinematics model of the aircraft is defined by the roll angle
¢, the pitch angle 6, and the angle of sideslip 8, which are the components of the
attitude state vector § . Therefore, the nonlinear state-space model is defined as:

E=r (& w) @)

where @ is the angular rate vector composed by the roll, pitch and yaw rates (p, g,
and r, respectively).

The function f¢ is composed by the kinematics equations of the attitude model.
The relation between Euler angles and the angular rates is purely kinematic, while
the relation between the AoS and the angular rates is not and depends on the aero-
dynamics. In fact, the AoS derivative can be expressed as [1]:

B = #V, [~ (X + Fr)cosasinB + ¥ cos f —Zsinosin  +mgy| + psina —rcosa (3)
where m is the aircraft total mass; Vr is the true airspeed; o in the angle of attack;
X, Y and Z are the components of the aerodynamic forces on the aircraft; and Fr is
the thrust force produced by the engines. The term g, is the y-axis component of the
gravitational acceleration calculated in the wind referential frame, given as [23]:
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g2 = g(cosasinBsin O + cos P sin ¢ cos @ — sin & sin B cos @ cos 6) (€))

Note that the force terms (X + Fr), ¥ and Z are the non-gravitational forces ap-
plied on the aircraft. Therefore, we can use the specific forces Ay, Ay and A; to
replace them, which are directly measured by the accelerometers.

Finally, we can represent (2) as the following affine nonlinear model:

E=f+T:0 )

where

0
fr = 0 ©)
VL, (—AxcosasinfB+Aycosff —A;sinosin + g2)
and
1 sin¢tan® cos¢tan6
Te=1] 0 cos ¢ —sin¢ @)
sin @ 0 —cosao

2.2 Rate dynamics model

The rate dynamics model describes the dynamic behavior of the aircraft attitude. The
airspeed is added to the rate dynamics model focusing on the design of the aircraft
cruise control. Thus, the rate dynamics model can be expressed using a state-space
representation as follows:

y="r (1 u) (8)

where the rate state vector y is composed by the airspeed V7 and the angular rate
vector @. The inputs are the actuators of the aircraft — control surfaces and engines
—, which depend on the aircraft structure.

The function f, corresponds to the dynamics model of the aircraft airspeed and
angular rates. In this paper, the rate controller will be developed using ID, not requir-
ing extensive knowledge of the model and, therefore, its mathematical formulation
is suppressed here. For details on aircraft dynamics formulation, please refer to [24],
or to [25] for a Boeing 747 model.

3 Control design

In this section we formulate the cascaded controllers shown in Fig. 1. The con-
trollers are developed based on incremental dynamics. More precisely, the Incre-
mental Backstepping technique is used for both angle and rate controllers.
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3.1 Incremental Dynamics

The ID is a technique to describe system dynamics with partial knowledge of the
system model. Let us represent (1) by its Taylor series:

- df (xp, Up) ( af%(; )

X =k, o x—xg)+ (u—uy)+0(2) (€

where x;, and i, are the state and input vectors in a recent previous time 9, and & (2)
denotes the terms of the Taylor series with order greater than or equal to two.
A system can be described using ID if the following constraints are assumed true:

1. The state and input are bounded and the function f (x, &) is continuous in all
domain;

2. The time interval T elapsed between x,, and x is sufficiently small, such that we
can assume x; ~ x, considering that state changes are integration of input changes
and, therefore, slower.

With these assumptions, the difference x — x, and higher order terms are ne-
glected. Thus, (9) reduces to:

ey s 010y (10

S
By

Equation (10) represents the incremental dynamics of the system, which appears
as the derivative increment between the current time and the previous time due to the
input increment. If the measurement of %, is available, the only needed knowledge
of the model is the actuation matrix By estimated at the previous time step fg.

3.2 Cascaded Incremental Backstepping

The incremental dynamics defined by (10) can be used to obtain controllers inspired
in the Backstepping (BKS) approach. In previous work [1,12, 19], the IBKS is used
to obtain the rate controller, while the BKS is used for the angle controller.

Although the attitude kinematics model is indeed known, the computing of (6)
requires the precise measurement of accelerations, Euler angles, angle of attack,
angle of sideslip and true airspeed.

To increase the control robustness and simplify its implementation, we propose
to formulate both angle and rate control using ID. In this solution, we replace the
knowledge of f ¢ in (5) by the measurement of the attitude state derivative (é ).
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3.2.1 Angle controller

Let us consider the attitude kinematics model (2) and the following Candidate Lya-
punov Function (CLF):

i
Yo =33z (1)

where z; = éd — é is the kinematics error, with éd as the desired kinematics state.
Note that 7 is a valid CLF once it is positive for all domain, excluding the origin
in which it is equals to zero.

To ensure the asymptotic convergence of the error, the CLF derivative must be
strictly negative for z £ # 0. Considering a positive definite matrix W, the CLF is
strictly negative if:

Ve=2¢"2 = —2L Weze (12)

Replace the term z. of (12) using the incremental dynamics of the kinematics
model, and since z # 0, this condition corresponds to:

€8y~ Te(@—wg) + Weze =0 (13)

Let us consider the pseudo-control v, = w, as the desired angular velocity. The

pseudo-control law can be obtained by the inversion of (13) with respect to @, re-
sulting in:

Vo= 0 +T;' (Wez, +¢,- &) (14)

Fig. 2 shows the block diagram of the IBKS angle controller.

Angular controller
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Fig. 2 Block diagram of the IBKS angle controller.

3.2.2 Rate controller

The rate controller is designed as a second IBKS. The desired angular rates are
provided by angle controller. The airspeed is introduced as a state in order to design
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a rate controller which simultaneously tracks the airspeed and angular rates of the
aircraft. ,
To ensure the asymptotic convergence of the dynamics state y = [V; @']" to-

wards its desired value Y, = [Vld yg] T, let us consider the following CLF:

1 7
K=Yt 5205, (15)
where 2, =Y, and a is a design scale factor.
The error z, converges asymptotically to zero if the derivative of the CLF 7} is
strictly negative for non-zero errors. Considering a positive definite matrix Wy, the
convergence is ensured if:

1. 1
Ko=Tet+ 5ty =~ Weze — -5, Wiz, (16)

Note that w = v, — Cngy, where Cyg = [ 05 13] is a selection matrix such as
® = Cypy. Thus, we can use (13) and the incremental dynamics representation of y
in (16), leading to:

(&, &~ Te (Va— Cyoz,—09) +Wezg ) + L2l (3, — 3y~ By (=) + Wz ) =0 (17)
where By is the input matrix with respect to y, or the matrix obtained from the
linearized state-space model of the aircraft.

Finally, for non-zero errors, we can substitute (14) in (17) and solve it with re-
spect to u, providing the final control law:

u, = + By (aClu Tz + Waly, =) +3, ) (s)

In (18), the input matrix By needs to be inverted. If this matrix is not square, a
control allocation matrix or pseudo-inverse algorithms can be used.

The main advantage of using incremental techniques is their robustness to un-
modeled dynamics since most of it is provided by the measurement of the state
derivative. However, sensor-based techniques must be robust to measurement noise.
To attenuate the measurement noise and increase the control robustness, it is pro-
posed in [16] to multiply By 1'in (18) by a diagonal matrix A > 0 with elements
Aii €10, 1], leading to the following control law:

e =g+ By 'A (aCyy Thzg + Wy(y, =)+, -3, ) (19)

The input scaling gain matrix A can be interpreted as an additional low-pass
filter, attenuating the noise, but reducing the bandwidth of the closed-loop response
as a trade-off.

Fig. 3 shows the block diagram of the IBKS rate controller.
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Rate controller

Fig. 3 Block diagram of the IBKS rate controller.

Command filter

To avoid infeasible commands provided by the controller, a Command Filter (CF)
is added to the controller output (see Fig. 3). This technique has been used in back-
stepping strategies, constraining the pseudo-control in each step [6].

For incremental controllers, the CF is used to constrain the input in order to
respect the actuators dynamics and saturation. Also, given the integrative character-
istics of incremental controllers, it acts as anti-windup. Herein, the CF approximates
the actuators as first-order systems with saturation. Fig. 4 presents the proposed CF.

Differentiator

The measurements available may not include all needed variables for the controllers
proposed herein, given that state derivatives are often not measured. Also, the con-
trol law (19) depends on the derivative of the pseudo-control provided by the angle
controller. Therefore, these variables need to be estimated as a function of the mea-
surements.

To estimate signal derivatives, we propose a second-order band-pass filter as a
differentiator (see Fig. 5). The differentiator is used to obtain the derivative of the
attitude state 5 (Fig. 2), the rate state y, and the pseudo-control v, (Fig. 3).
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Fig. 4 Proposed command filter. Fig. 5 Proposed state differentiator.

4 Results

The controller using two incremental backstepping stages (IBKS+IBKS) is evalu-
ated for attitude step maneuvers and airspeed step. The step demands are in agree-
ment with the military standard MIL-DTL-9490E [22].

The results of the controlled system are compared with the approach using
classical backstepping in the angle controller and IBKS in the rate controller
(BKS+IBKS). In this approach, the rate control law is the same of (19), but the
pseudo-control v, provided by the angular control is different and is given by [1]:

Vo =Ty (Weze +&, 1) (20)

Note that (20) is dependent of the angular internal dynamics (f¢) which has to be
calculated for each control iteration.

The controllers are evaluated in a Matlab/Simulink environment using the simu-
lator developed by TU Delft, the B747 GARTEUR RECOVER benchmark simula-
tor [26], with modifications by the Institute of Flight System Dynamics - Technische
Universitdt Miinchen (FSD-TUM) including custom failure simulation and trim and
linearisation.

The Boeing 747 is a large and heavy transportation airplane. It has a length of
70.5 meters, wingspan of 59.6 meters, and the total mass is greater than 250 tons.
In a system perspective, as a commercial transportation airplane, the aircraft aims
to be safe and, therefore, stable. However, the maneuverability is limited.

The actuation of the Boeing 747 simulator corresponds to four ailerons, four
elevators, two rudders, and four engines. Considering the control allocation being
solved in the simulator level, we have four generalized actuators as input: aileron
(04), elevator (8g), rudder (Og) and engine thrust (87). With four actuation inputs,
By is a square 4x4 nonsingular matrix, which is invertible, not requiring additional
allocation.

The nominal condition from which the simulation starts is a straight flight to-
wards North with 340 knot of True Airspeed (TAS) and at an altitude of 5000 ft.
The Jacobian matrix corresponding to the derivative of the system by its inputs is
obtained numerically in the nominal condition and it is considered constant during
the simulation. The control sample rate is 50 Hz.
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4.1 Attitude and airspeed tracking

Let us first analyze the response of the controller to independent attitude and air-
speed commands. The maneuvers are considered herein as pulse signals starting in
time ¢ = 10s. The flight is developed under a low turbulence condition defined by
a 20-feet wind of 15 m/s in North direction and a turbulence intensity exceedance
probability of 0.01 (see [22] for details).

The following simulations are presented:

1. Roll response: a +5 degree pulse with duration of 40 s (coordinated turn maneu-
ver);

2. Pitch response: a +5 degree pulse with duration of 40s (climbing maneuver);

3. Sideslip response: a +2 degree pulse with duration of 40 s (skid-to-turn maneu-
ver);

4. Airspeed response: a pulse of +10 percent increase of airspeed with duration of
60 s (straight-and-level acceleration maneuver).

Fig. 6 compares the results obtained using BKS+IBKS and IBKS+IBKS. In the
figure, each column presents the aircraft response for one of the maneuvers de-
scribed above. For example, the first column presents the aircraft response to a roll
demand, in which the obtained states ¢, 6, B, and V; are shown in rows 1 to 4
respectively.

In Fig. 6, we can see that both solutions have similar responses, with exception
for the sideslip angle demand (column 3). During the skid-to-turn maneuver, the
errors associated with the computation of f ¢ generates an undesired bias error, while
for the IBKS+IBKS, no stationary error arises.

Fig. 7 shows the applied control effort during the same simulations. The IBKS+IBKS
approach has a noisier actuation than using classical BKS as angular controller,
which may be a consequence of controlling the attitude angles based on derivatives.

Regarding the skid-to-turn maneuver — sideslip demand — we can see in Fig. 7
that the rudder reacts faster with the IBKS+IBKS controller. As consequence, the
sideslip angle step response with the IBKS+IBKS has a lower settling time (see Fig.
6).

4.2 Disturbance rejection

To evaluate the ability of the controller to reject disturbances, we simulate a straight-
and-level flight in a high-turbulence condition along with wind gust.

The simulation starts in the nominal condition: North flight, 340 knot of TAS,
and altitude of 5000 ft. The atmosphere condition has a 20-feet wind of 25m/s
in North-East direction with a turbulence intensity exceedance probability of 1076
(see [22] for details). The gust has an intensity of 50 km/h with duration of 40 s and
starting at = 10s.
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Fig. 6 Simulation responses for demands in roll (column 1), pitch (column 2), sideslip angle
(column 3) and airspeed (column 4). The states are ¢ (row 1), 0 (row 2), 8 (row 3), and V; (row 4).

Fig. 8 and Fig. 9 show the control states and efforts, respectively. Three scenar-
ios were evaluated with gusts in North (only tailwind), East (only crosswind), and
North-East (both tailwind and crosswind) direction.

We can see in Fig. 8 that both strategies can reject the disturbances — turbulence
and gust — but the IBKS+IBKS has a slightly worse performance rejecting turbu-
lence since its controllers are both based on state derivatives. On the other hand,
the sideslip angle during lateral gust is completely regulated by the IBKS+IBKS
controller, while a residual AoS can be seen using the BKS+IBKS strategy.
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Fig. 7 Control effort for demands of roll (column 1), pitch (column 2), sideslip angle (column 3)
and airspeed (column 4). The inputs are 4 (row 1), 8¢ (row 2), 0g (row 3), and 67 (row 4).

The control effort (see Fig 9) is very similar in both strategies, being noisier when
using the IBKS+IBKS. Note that the rudder is almost saturated in the presence of
the east gust.

The simulation results were used to evaluate the controllers performance accord-
ing to the military standard MIL-DTL-9490E which defines criteria for AFCS [22].
Table 1 summarizes the performance criteria for attitude AFCS and shows that the
results obtained with the IBKS+IBKS controller fulfill the requirements.
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Fig. 8 Disturbance rejection simulation with gust in north (column 1), east (column 2), and north-
east (column 3) direction. The states are ¢ (row 1), 8 (row 2), § (row 3), and V; (row 4).

Table 1 Performance evaluation of the IBKS+IBKS controller.

Type Criteria Limit IBKS+IBKS
Hold accuracy 0.5° 0.00°
Roll attitude response Hold accuracy (turbulence) 5° RMS 0.03° RMS
Settling time (5° step) <Ss 3.8s
Hold accuracy 1° 0.00°
Pitch attitude response Hold accuracy (turbulence) 10° RMS 0.01° RMS
Settling time (5° step) <5s 145
e na e Hold accuracy 6.8 knot  0.02 knot
Periodicity >20s none
Steady-banked lateral acceleration 0.03g 0.006g
Coordinated turn Sideslip angle 2° 0.11°
Maximum lateral acceleration 0.1g 0.082¢g
Lateral acceleration 0.02g 0.005¢g

Coordinated straight Sideslip angle 20 0.11°
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Fig. 9 Control effort to reject turbulence and gust in north (column 1), east (column 2), and north-
east (column 3) direction. The inputs are 84 (row 1), g (row 2), 8g (row 3), and 87 (row 4).

5 Conclusion

In this article we formulate an attitude controller using a cascaded approach and
applying the incremental backstepping strategy in both levels of the cascaded struc-
ture. The proposed strategy is able to correctly track demands in roll, pitch, sideslip
angles and airspeed.

Given the robustness of the incremental controller, the estimated state derivative
provided by the second-order bandpass filter is accurate enough to control the air-
craft attitude angles. Furthermore, using the IBKS instead of the BKS in the angle
controller provides a simpler solution, not requiring measurements of accelerations
and computation of gravitational acceleration components.
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When compared with the BKS+IBKS solution, the performance of the IBKS+IBKS
strategy has a clear advantage in tracking AoS. The errors when computing (6) using
sensor data produce a stationary error in the tracking of the AoS, which is mitigated
using the IBKS solution. Despite skid-to-turn maneuvers are not commonly applied
in commercial aviation, it is an important maneuver for small UAVs. The ability to
correctly track sideslip angles can also be seen in the rejection of lateral gust.

With the results shown in Table 1, we can conclude that the proposed solution —
which is developed using Lyapunov stability theory — has large potential to be used
in commercial aviation.

Future work will expand the results presented herein aiming at fault-tolerant con-
trollers. Moreover, the control robustness has to be analyzed when dealing with non-
nominal flight conditions, with special attention to changes in the input matrix By.
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