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ABSTRACT

Direct Lift Control (DLC) uses control devices at the wing that allow for directly adjusting lift.
When properly combined with adjustment of angle of attack, the non-minimum-phase behavior
associated with elevator controls is removed, and the load factor response time and disturbance
rejection improve considerably. DLC has seen only limited application though, due to the absence
of suitable control devices and actuation capability on current wing designs. Future concepts tend
to move towards more use of multi-functional control devices along the trailing edge to accommo-
date for integration of load alleviation and cruise performance optimizing functions. This allows
for providing DLC capability by means of a suitable allocation scheme, providing good reasons
for its renewed consideration. From this perspective, this work addresses the crucial aforemen-
tioned proper integration with angle of attack adjustment to allow for optimal use of DLC. Two
architectures are proposed and compared through simulation analyses based on an experimental
aircraft intended to demonstrate advanced wing concepts. Hardware-in-the-Loop tests are also
performed replacing the DLC control devices and actuation system with a physical control surface
system. Both architectures show considerable improvement in handling, disturbance rejection and
passenger comfort in comparison with traditional concepts.

Keywords: Direct Lift Control, Flight Control, Multi-functional trailing-edge devices, Control Architecture

Nomenclature

m = Mass

J Inertia tensor

Vv Airspeed

A\ = Linear velocity vector on body axes
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Q, = Rotational velocity vector on body axes

u,v,w = Velocity components on body axes
p,q,r = Roll, pitch and yaw rate
0,0,y = Roll, pitch and yaw angles
uy = Modal deflection

0 Control surface deflection
a = Angle of attack

B = Angle of sideslip

0% Flight path angle

n Load factor vector

n, = Normal load factor

h = Altitude

T,D,L = Thrust, Drag, and Lift forces

M = Moment around the pitch axes
M, = Hinge Moment

C,0 = Dimensionless coefficients

P = Loads vector

g = Gravitational constant

Goo = Dynamic pressure

S = Reference wing area

Cref = Reference length

(U] Eigenvector matrix
X State vector

s Laplace variable
Wy = Natural frequency
4 = Damping ratio

K = Controller gain

1 Introduction

For the longitudinal dynamics of an aircraft, the normal load factor (n,) is a very intuitive variable
for pilots to control. By using the stick, pilots are able to pull it to produce vertical accelerations and
change the aircraft’s vertical velocity, and by releasing it the aircraft would maintain a constant flight path
angle and vertical speed. This would mean that the pilot would only need to intervene when a disturbance
would deviate the flight path angle from its desired course. This is the idea behind most vertical flight
controllers. The general idea consists of changing lift by pitching the aircraft using the elevators to modify
the angle of attack (AoA). Due to the required build up of AoA to influence lift, especially at low speeds,
this method is slow and originates a non-minimum-phase behavior in the vertical dynamics of aircraft.
It is for this reason that it is more common to use C* as a commanded variable, as it complements initial
response by using pitch rate [1, 2].

Direct Lift Control (DLC) triggers immediate response of the normal load factor in the intended
direction, allowing for direct use as a commanded variable. DLC allows for directly controlling and
intentionally influencing the lift of fixed-wing aircraft, while ideally not changing the moments around
the aircraft’s axes [3]. This is achieved by deflecting control surfaces located close to the center of gravity
(CG) of the aircraft. These are typically relatively fast trailing edge devices or spoilers located on the
aircraft’s main wing. Because of its principle, DLC offers a fast way to control the vertical dynamics of
aircraft and it allows decoupling, to some extent, of its pitch and heave dynamics. DLC also removes
the non-minimum-phase behavior present when only elevators are used to control the vertical dynamics
of aircraft since it can directly accelerate the aircraft in its intended direction. Moreover, because of
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this direct influence to the aircraft’s lift, wind disturbances like gust or turbulence encounters can be
handled significantly better. Conventional longitudinal controllers require pitch corrections to handle
these disturbances, while DLC can directly counteract the variation of lift caused by these. This results
in significantly better passenger comfort levels on aircraft with DLC capabilities [4-6].

Although DLC possesses the aforementioned advantages, the vertical dynamics of an aircraft cannot
be controlled solely using DLC. Control surface deflection limits impose an upper bound on achievable
lift variation. Additionally, constant use of these devices create variations of drag which would be
uncomfortable for passengers [4, 7]. These reasons motivate a coordinated approach between DLC and
the use of elevators to control n, [6, 8]. This approach retains the short-term advantages of DLC without
the drawbacks associated with its long-term use.

Despite the benefits of incorporating DLC capabilities into aircraft, not many applications of it exist.
Relevant examples of DLC applications are the Lockheed L-1011 Tristar and the Embraer 190 series
equipped with steep approach mode. Although the Lockheed L-1011 Tristar did not possess a Fly-By-Wire
(FBW) system and the DL.C coordination during the flight approach phase was done by the pilot, studies on
its landing system show touchdown performance and passenger comfort improvements, and greater pilot
acceptability [9, 10]. More specifically, when DLC capabilities were considered, touchdown longitudinal
dispersion was reduced by 50%, pitch correction was considerably lower, descent rate at touchdown was
reduced by a factor of two, and accelerations were reduced by 50% leading to a significantly higher
ride comfort [5]. More recently, the US navy has re-introduced large-scale implementation of DLC as
part of its Maritime Augmented Guidance with Integrated Control for Carrier Approach and Recovery
Precision Enabling Technologies (MAGIC CARPET), which aims to increase carrier landing’s safety
and performance by using DLC. Similarly, the DLC implementation on the military aircraft also showed
positive results. Its independent but coordinated pitch and vertical path control allowed for massive flight
path tracking improvements and a significant reduction of pilot workload during carrier landings [6].

The bigger difficulty that DLC faced to become more popular has been the lack of aircraft with the
relevant devices allowing DLC implementations to be deployed on its flight computer. With the move
towards more sustainable aircraft designs, bigger aspect ratio wings are being considered due to their
significant reduction of induced drag [11]. Along with higher aspect ratio wings, new wing designs have
multi-functional trailing edge (MFTE) devices to accommodate load alleviation and cruise performance
optimizing control functions [12]. With the availability of these devices and assuming sufficient actuation
capabilities, DLC can be provided via control architecture modifications. Therefore, with FBW systems
now standard and new wing design concepts incorporating already available MFTE devices, DLC can
offer significant benefits compared to traditional control of the vertical dynamics via the elevators, without
requiring hardware changes to the aircraft.

Recent work has shown the properties of DLC and how to exploit control surfaces selection for this
purpose [4, 13]. Regarding actual DLC implementation strategies and studies on them, apart from DLR’s
flying test-bed ATTAS, this has not been properly addressed in research [8]. Therefore, in this work,
architectural strategies for DLC flight controllers are proposed and discussed in detail. The research
focus will be on the design of these architectures to achieve the benefits of DLC while avoiding its
inherent limitations. This concerns how to achieve proper coordination between short-term DLC use and
long-term adjustment of angle of attack to optimally integrate DLC in a FBW pitch control function. For
this, preliminary data of a recently developed flying demonstrator based on a heavily modified business
jet with the main wing from the eXtra Performance Wing Project will be used to generate the aircraft
model to validate the control architectures in simulation. Additionally, harware-in-the-loop (HiL) tests
are performed to illustrate the viability of using certain control surfaces for DLC implementations.

This paper is organized in the following way. Section 2 explains the concepts behind DLC and its
properties by making use of a simple point mass model of a fixed-wing aircraft. In section 3, a brief
description of the modified Cessna Citation VII aircraft is given. A complete flight dynamic model used
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for the aircraft simulations is described and a simpler linear model is also presented. In section 4, two
proposed architectures using DLC are thoroughly explained and discussed about. Section 5 presents
the tracking performance in simulation for both DLC architectures, an analysis on non-minimum-phase
behavior, and a comparison between both DLC architectures and another without DLC capabilities under
turbulent wind fields. This section ends by showing HiL results. In section 6, concluding remarks and
future work are presented.

2 Direct Lift Control Principles

To more easily understand the basic DLC principles, a simple longitudinal point-mass model of a
fixed-wing aircraft is taken [14]:

mV =T — D — mgsiny (1)
mVy =L —mgcosy . 2)

From equation (2) an approximation for n, can be deduced for small flight path angle values:

Vv
n,~ 1+ Ay (3)
8
From equation (3), assuming constant velocity, the only way to change #, is for the derivative of the
flight path angle, vy, to be modified. Equation (2) shows that y is changed by increasing or decreasing the
lift force. Given that in traditional fixed-wing aircraft the lift force can be written as:

L~ C]ooS (CL() + CLQCY) s (4)

the main way to modify lift is to change AoA. The symbol g, denotes the dynamic pressure. Additionally,
the most effective way to change AoA while maintaining the speed constant is to make use of moment
generating control surfaces like the elevators to generate a pitch moment to initiate this maneuver.
Although it is the conventional way of controlling n,, this method is not direct. This can be understood
by inspecting how an elevator deflection propagates through the aircraft dynamics [4]:

Abele = ALuilplane = AM — g — 6 >a > Aa— AL— y—ong . (5)
~——
instantaneous instantaneous instantaneous

Equation (5) shows that the two integration steps cause a time delay from elevator deflection and
the resulting change in n,. Additionally, because the elevators are behind the CG of the aircraft, the
control forces needed to generate the required moment are always opposite to the intended direction of
acceleration. Because of the delay and this property of the elevators’ location, a non-minimum-phase
behavior in the longitudinal dynamics arises. This is undesirable since control design of non-minimum-
phase systems is more challenging and there are performance limitations associated with them [15].

On the other hand, DLC offers a faster way of controlling n, and the possibility of removing the
non-minimum-phase behavior. This is achieved using control surfaces closely located to the CG and with
minimal influence on the aircraft’s moments. With an appropriate choice of control surfaces for DLC
purposes, its influence on the dynamics can be expressed as follows [4, 8]:
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Abgic > AL— y— n; . (6)

instantaneous

This direct link from DLC control surfaces to n, dynamics may allow for improvements in its tracking
properties and overall vertical response of aircraft. An obvious improvement comes from the removal of
the time integration delay in equation (5). Moreover, AL acts in the intended direction of acceleration.
This can be used to remove the non-minimum-phase behavior of equation (5). Lastly, this direct link to
the aircraft’s total lift can also be used to improve wind disturbance rejection. Considering the influence
from DLC control surfaces, equation (4) can be rewritten as:

L~ g8 (Cry + Cro@ + Cryy Satc) )

Equation (7) shows that DLC control surface deflections appears on the same level as AoA. Therefore,
any wind disturbance, a,,, affecting the total AoA can be rapidly compensated using 4. or even directly
counteracted when an estimate of «,, is available.

As outlined in section 1, DLC is undesirable for use in sustaining a steady state, as this causes
additional drag and authority will quickly run out as dynamic pressure changes. For this reason, AoA
(and thus elevator) remains the variable of choice for aircraft trim. This poses the architectural challenge
of properly coordinating both means of control.

3 Aircraft Platform and Modeling

This work is based on application to a Cessna Citation VII aircraft. An integrated aeroelastic and
flight dynamics model was developed based on preliminary geometry and structural data using an in-
house modelling process [16]. Images of the modified aircraft can be seen in [17]. There are 26 trailing
edge devices spanning across the main wing. Out of those, four of them are ailerons, two on each side.
The remaining 22 are MFTE devices. These are responsible for different functions. For DLC purposes,
only the most inboard MFTE devices are used. The aircraft has a T-tail configuration with two elevators
on the tailplane. These will be responsible for controlling the pitch dynamics.

The model used for simulating the aircraft has 6 degrees of freedom (DoF) from rigid-body motion
plus the DoF from aeroelastic dynamics. The theory used to model the aircraft dynamics with its
aeroelastic contribution was developed in Ref. [16]. Its mathematical representation are the (nonlinear)
equations of motion (EOM) based on mean body-reference axes [16, 18]:

mp (Vb + Qb X Vb — TbEgE)
Jp € + QX (JpL2)
Mffﬁf + Bffflf + Kffllf = q)ngEXt .

_ T pext
- (ngPg

)

The subscripts b and f indicate whether a variable is related to the rigid-body or to the flexible
motion. The first equation expresses the rigid-body motion (b-set), while the second one expresses the
flexible motion (f-set). The rigid-body motion is described using the linear and rotational aircraft’s
velocity. The gravity contribution is achieved by using g in vector form in the earth inertial frame. A
coordinate system transformation matrix Tj£ 1s used to go from the earth to the body’s frame axes. The
flexible motion is described using the modal matrices of mass My, damping B/, and stiffness K.
The external forces Pg’“ are given in the g-set (structural set). These are external forces originated from
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aerodynamics, gusts, and thrust. Lastly, ®¢; and ®, ; are eigenvector matrices that convert loads from
the rigid-body and flexible sets to the modal domain.

Note that different sources for PZ’“ were mentioned. More particularly, one source that is relevant
for control is the control surfaces influence on the aircraft dynamics. It is important to understand that
control surface deflections affect the dynamics in equation (8) via Pg’“.

Regarding the model used for controller design, since the rigid-body motion is crucial for it, some
simplifications are made to the model in equation (8). The main simplification was assuming a quasi-
static aeroelastic behavior. In particular, the time derivatives of the modal deflections, iy and tiy are
neglected, allowing the second equation of (8) to be solved for uy. With modal deflection dynamics
removed from the model, and since the control surface influence is linear, equation (8) can be rewritten
in the standard form for control design:

x=f(x,u) +g(x)6. 9)

In equation (9), x denotes the state vector containing the internal states of the aircraft, § is the vector
of the control surface deflections, and f and g are nonlinear functions obtained from a rearrangement of
equation (8). These aeroelastic simplifications were only performed for control law derivations, while
the full aircraft model was retained for all closed-loop (CL) analyses.

To examine the removal of the non-minimum-phase behavior, a simplified linear model is employed to
investigate the elimination of the Right-Half-Plane (RHP) zero. The analysis is only relevant immediately
after control input changes. Airspeed magnitude Vjy is assumed to be constant and the focus is placed on
the AoA, pitch and flight path angle dynamics for small values around an initial equilibrium position. The
stability derivatives are assumed constant. A standard longitudinal linear model for the aircraft dynamics
is taken with control inputs from elevator deflections, dee, and DLC control surface deflections, dgc.
Additionally, the AoA wind disturbance, «,,, is also added as an input disturbance to the AoA with no
wind influence, ;. The simplified model is written in equation (10):

. (]ooS Cref
G=q+s (Czq—oq +Cz,a+Cz; Oele + CZ(gdlcédlc)

qooSCref Cref
— Cmq q-+ Cmaa’ + C'm(;e]e Ocle + Cm‘sdlc Odlc

" Jyy 0
6= (10)
y=0-a
a=aq;+a,
n, = _M (Czq Crefq + Czaa/ + szsele(sele + CZédlc(SdlC) .
mpg 0

4 Direct Lift Control Architecture Design

Two proposed architectures for DLC are presented and discussed in this section. The DLC ar-
chitectures are combined with a Nonlinear Dynamic Inversion (NDI) controller. This enables greater
generalization and facilitates the transformation from commanded pitch rate to commanded elevator
deflection allowing the DLC architectures to be tested without requiring dedicated inner-loop control
laws [19-21]. The complete vertical dynamics control diagram is illustrated in Fig. 1.

The overall idea behind both architectures presented in section 4.1 and 4.2 is: use the DLC control
surfaces to create a fast n, response, while using the AoA to track the desired n, in the long-term and
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Fig.1 Vertical dynamics control diagram.

returning the DLC control surfaces back to their initial position after reaching an equilibrium. This
is achieved by generating two control paths as shown in Fig. 1: the commanded DLC control surface
deflection, d4ic.cmd, and the commanded pitch rate, gemg. The latter is mapped to commanded elevator
deflections, dcje.cmd, using a NDI function. The DLC architecture is responsible for creating these paths
and ensuring that the short- and long-term properties are achieved.

For the design of these architectures, an equation for n; is required. This is obtained from equation (8)
with the appropriate aeroelastic simplifications discussed in section 3. From its definition, the left side
of the first three equations of (8) are related to the load factor n:

mp (Vp + Qp X Vy — Tppgr) = —mpg 1. (11)

The first three elements of the right side of equation (8) are the components of the external force
vector on the body axes. Naming this force vector F; and noting it is a function of internal aircraft states,
equation (11) is rewritten:

1
n= __Fb (qOO’a,’B’ Qbaé‘) . (12)
mpg

Since only the normal load factor is relevant for DLC, only the z-component of equation (12) is
required:

4 oo Cref Cref Cref
ne= =T (0, 4 0o+ Qo B+ 0n) i p + 0., g + 0., Sy
mpg \%4 \%4 \%4 (13)

+QZ5dlc baic + Qz‘;ele Oele + QZ&rem 6rem) >

0
z

+ng+nf+nf+ng+n2+ndlc+n§le+ngem, (14)

n;,=n ;

where the various Q’s are dimensionless coefficients based on aerodynamic data, and the control surfaces
were expanded to have explicitly the contributions from DLC (dlc), elevators (ele), and remaining (rem)
control surfaces.

From equation (13) it can be seen that n, is directly influenced by AoA and é4;.. Accurate tracking
of n, would thus require exact setting of both variables, as well as perfect knowledge of the related
aerodynamic coeflicients. For this reason, a control loop is applied that combines direct feedforward for
fast response with integral feedback to allow for compensating the aforementioned potential mismatches.
The resulting 7, ;g is subsequently distributed between and realized by AoA and d4jc. This control loop
is illustrated in Fig. 2.

The parameter Ky, controls how much the integral of the error is fed through. Choosing this parameter
excessively large, the n, response will exhibit an oscillatory behavior. This parameter should be used
and chosen solely for removing steady-state errors and improve slightly tracking performance. This
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Fig.2 Normal load factor control law.

control law allows n, feedback to be incorporated and ensure zero n, steady-state error in the presence
of model mismatches and disturbances. Note that this architecture can be extended with feed-forward of
(estimated) disturbance terms in order to directly cancel resulting lift contributions as demonstrated in

[7].

4.1 Offload Architecture

In this “offload” controller architecture, the idea is to make the DLC control surfaces the primary
responsibles for tracking n;cmq, While using an integrator to offload this responsibility towards AoA,

very much like how elevator control is often transferred to the stabilizer [22]. In Fig. 3, a diagram of this
controller architecture is presented.

Offload Offloaded AoA Control
Nopilot| "% |ngemal ,dl ”dlcd cemd [ @ a @ a o, q
z,p1lo zZ,cm I/l,c zZ,ecm z,cm cmd cmd ref cmd [ cmd
—| Control > 151 » Ko P f " Comp. b Corpmand —»@—» g DI —
LaW A 4 4 7'y Fllter 4+ A
n, T
Yy
Y »> 5dlc,cmd 5dlc,cmf1
» Comp. g
DLC Control

Fig.3 Offload controller architecture

As it is shown in Fig. 3, an integrator with a constant Ky is central to the architecture and is
responsible for offloading 7, tracking responsibility. The measured normal load factor, n,, was made
explicit in the diagram while the remaining measured signals were grouped in y to simplify the diagram.

The “n, Control Law” block was presented in Fig. 2. The “nglc DI” block performs a dynamic
inversion (DI) to obtain the commanded 7, contribution from DLC control surfaces. Using equation (14)
and since the concept of this architecture is for DLC control surfaces to track entirely n., the relation

between n; g and the commanded DLC contribution n‘zﬂgm & is found as:

Nzemd = n(z) +ng + n’f +nl +n? + n, + nile +n;" + nglgmd . (15)

Rearranging equation (15) and using the measurement for n,, a simpler equation for nffgm 4 1s found:
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dlc _ dlc
N, emd = Mzemd — (nz —n, )
16
) iy (16)
=nNzemd — Mz T Qzédly dic| -
mpg ¢

To implement equation (15), measurements of AoA, sideslip, angular rates and of all control sur-
face deflections are required. Using the implementation of equation (16), only n,; and d4jc are necessary.
Furthermore, using the measurement of n, has the advantage of accounting for disturbances and contribu-
tions that are not modeled in equation (15). However, using the n, measurement requires careful filtering
to it due to high frequency flexible dynamics. To counteract the loss of bandwidth and phase margin
from filtering the measured signal, a complementary filter should be used for n, where a measurement
for low frequencies and a model-based estimation for high frequencies are combined. Equation (16) is
implemented in “nglc DI”.

After obtaining nf}(fm & this is directly used to compute dgic cmd. If d4ic 1s multi-dimensional, a control
allocation strategy is required to correctly command dgiccmd- Assuming a simple control allocation
method of the form d4ic.cmd = AUdiccmd, Where A is a constant column vector and ugjc cmd 1S a scalar
representing a virtual control input for DLC, the commanded values for the DLC control surfaces become:

doo

-1
dlc
mpg Qzadch) Mz cmd - (17

6dlc,cmd =A (_

In the “dqic cma Computation” block, equation (17) is implemented. In the center of the diagram
shown in Fig. 3 highlighted in yellow, is the integrator offloading the commanded DLC contribution to
commanded AoA contribution:

% omd = / Konjfgmddt. (18)

The gain Ko determines how fast the dynamics are being offloaded from DLC control surfaces to
AoA. Since the AoA is controlled using the elevators resulting in slower dynamics compared to DLC
control surfaces, an appropriate choice for Ko is crucial for the correct functioning of this architecture.
Choosing it large, fast dynamics are allowed to go through. However, due to the slower pitching dynamics,
the AoA would not be able to track the fast commanded n, dynamics, resulting in a faster outer-loop
and slower inner-loop. Oscillations and possible instabilities are expected if K¢ is chosen too large. By
selecting smaller values of K¢, only slow dynamics are passed through the integrator, resulting in the
desired behavior where DLC control surfaces operate at higher frequencies, while AoA and elevators
track the slower dynamics of n,. Choosing it too small results in the DLC control surfaces becoming the
primary inputs controlling the vertical dynamics and increasing its control activity.

Lastly, for the offloaded AoA control, ¢ is used for controlling the AoA dynamics. This involves
computing ¢emq from n? emd: 1O do this, the commanded AoA is first obtained with the “a¢ng Comp.”
block, where “Comp.” denotes computation. Similarly to the DLC control surfaces in equation (17), the
commanded AoA can be found as:

-1
Qemd = (_q;.ona) n?,cmd . (19)

To control AoA using ¢, a differential equation relating them is required. From its definition:
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o= (20)
us+w Vv
In equation (20), w < u, u = V and uw < V2 were assumed. For highly maneuverable aircraft,
such as fighter jets, some of these assumptions may not be reasonable. In such cases, the full expression
in equation (20) must be used, resulting in a more complex differential equation. However, since the
present work does not consider such applications, these assumptions are retained. Using equation (11)
to expand the time derivative of w, equation (20) can be written as:

Q= é (qV — pv +cos (¢) cos (0)g — gn;) . (21)

To obtain the ¢ influence on the AoA dynamics, equation (21) needs to be differentiated once. While
doing this, many of the terms present in equation (21) can be simply neglected due to their null or very
small influence to the resulting & dynamics. The longitudinal approximated & dynamics become:

.. 1 . .. g : . Cref .
a = v (qV —g0sin (0) + m_b (QZ(;(S +0.,0+ qu %Q)) . (22)

To obtain an equation for the commanded ¢, equation (22) can be inverted and solved for it, generating
a NDI controller for the AoA dynamics. This is presented in equation (23):

Cref

o ! 1{ . o :
Gemd = (1 + i—szqW) (&cmd - (—g@ sin (6) + sz (Q.,6 + QZad))) (23)

This equation is implemented in the “g DI”” block. To obtain the variable &.ng a linear compensator
(LC) and an @ command filter are required. The “LC” block implements a linear controller to stabilize
the cascaded inverted dynamics:

1
Gemd = (Kp + Kl;) (ref — @) + Kg (Qrrer — &) + et - (24)

The “a Command Filter” block implements the second order filter shown in equation (25):

n,o
Qref = 2+ 2Uotmos + w%’o @cmd- (25)
The parameters of this command filter should be chosen according to the desired AoA response.
Additionally, since this command filter determines the bandwidth of the AoA dynamics, it should be
tuned in accordance with the offloaded dynamics. If the bandwidth of the command filter is too small, the
AoA dynamics cannot track the commanded values from the offloaded dynamics, resulting in oscillatory
behavior. Therefore, the command filter bandwidth should be chosen as fast as the offloaded dynamics
to minimize oscillations.

4.2 Complementary Filter Bank Architecture

The second developed architecture achieving DLC capabilities is presented in this section. For this
architecture, ideas from Ref. [8] were considered. There, a command filter was used for the AoA and the
error between the measured and unfiltered signal was utilized to command DLC control surface deflection
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values. Therefore, the DLC control surfaces controlled the lift variations that the AoA could not achieve
due to its slower dynamics.

Similarly, the architecture proposed here uses a low- and high-pass filter, which will be denoted as a
complementary filter bank (CFB), to separate the commanded 7, contributions into different frequencies.
The low-pass signal is tracked with AoA, while the high-pass signal with the DLC control surfaces. By
ensuring that the sum of the two existing filters in the CFB is 1, no commanded n, information is filtered
out. In Fig. 4, a diagram of the proposed architecture is presented.

CFB Low-pass AoA Control
n? . ;
dlc+a z,emd @cmd  |@emd Uemd [ cmd
——| Control » 'z » CFB |, cnd : 7y —
Law Ak]?kIAk
n, T
y
High-pass DLC Control
0 6Lmd
B 5dlc,cmd DLC
Comp.

v

Fig.4 CFB controller architecture.

Looking at Fig. 4, the CFB is central to the controller architecture. From it, two distinct paths
command two different n, contributions. The high-pass signal commands the DLC control surfaces
contribution, while the low-pass signal commands the AoA contribution.

Most of the blocks found in Fig. 4 are equal to the blocks used in the offload architecture. For detailed
information on these, see section 4.1. For this CFB architecture, only the “CFB” and “n‘zﬂcm DI” blocks
are new.

Given that the CFB splits the input signal into AoA and DLC contributions, this input signal needs to
have both contributions: n;llc;lg The block “ndlc"" DI” is responsible for computing this signal. Similar
to equation (16), where the total n; cng was used to compute the required DLC contribution, this block

does the same thing for both DLC control surfaces and AoA:

dlc+a _ dlc @
nz cemd — nz cmd — (nz - n I’ZZ)
(26)
4
=nNzcemd — (I’lZ + — Qzﬁm 6dlc + ana/ .
mpg c

After being computed this ngl(f;l‘é signal is the input for the CFB. The “CFB” block has two functions:
split the signal frequency content, and serve as a command filter for the AoA response. The CFB
implemented is of second order:
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2

w
@ _ n,ctb dlc+a
Mzcmd = §2 + 2§ T w2 z,cemd (27)
cfoWn,cfbS wn,cfb
2
de  _ 57+ 2 cpncivS dic+a 8
z,emd z,emd (28)

52+ 20wy ctps + wz cfb

where wy, cf 1S the natural frequency and {cq, the damping ratio of the filters. By using the CFB, the
intended dynamic behavior is achieved: the DLC control surfaces track the high frequency component
of the n,; dynamics, while AoA tracks the low frequency of it. Its crossover frequency is crucial for
achieving this, since it determines how AoA and DLC control surfaces are coordinated. Choosing it
too high will induce oscillations due to relatively slow AoA dynamics, whereas a low value results in
excessive DLC control surface activity.

5 Results

Both these architectures were implemented in a simulation environment for the demonstrator model
described in section 3. The four most inboard flaps on each wing were used for DLC purposes. The
control allocation vector A was chosen to be a column vector of ones, meaning that all DLC control
surfaces deflect equally. In section 5.1, the tracking performance of the offload and CFB architectures are
presented. Subsequently, in section 5.2, the removal of the non-minimum-phase behavior is analyzed,
comparing it with a n, control architecture without DLC. In section 5.3, disturbance rejection properties
are addressed by comparing simulations of the two DLC architectures and the non-DLC architecture in a
turbulent wind field. Lastly, in section 5.4, the HiL results are presented. The same simulation scenario
presented in section 5.1 was performed with the HiL. setup.

To keep the comparison fair between the DLC and non-DLC architectures, an architecture only using

the AoA to control n, was considered. Therefore, the non-DLC architecture uses mostly the same blocks
@

as the proposed DLC architectures with only small changes to them. In particular, a new “n? DI” block

is introduced, and the parameters of the “n, Control Law” and “a Command Filter” blocks are adjusted.
The architecture is presented in Fig. 5.

. n a a . .
nz,pﬂot < Nz cmd n% nz,cmd Xemd  [Xemd Qref Uemd dcmd
—| Control > DZI * Comp » Command —»@—» g DI —
Law — - Filter t %

n, T
y

Fig. 5 Non-DLC controller architecture

Given that n, is tracked using only AoA in this architecture, a "ny DI" block is used to compute
the AoA commanded n, contribution. Using similar derivations as equations (16) and (26), the equation
implemented in this block is obtained as:

4o
L R (nZ + m—ngZaa) . (29)

Regarding parameter changes, the only parameters that were varied were the crossover frequency of
the “@ Command Filter” block and the n, control law gain Kp,. The crossover frequency was set to a high
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value of 1.7 rad/s to obtain fast n, responses while the Ky, gain was set to a small value of 0.075 to avoid
oscillations.

5.1 Tracking Performance

To evaluate tracking performance, a simulation of the pilot performing a step up followed by a step
down command to n; is performed. The step up is done at 5 seconds and the step down at 15 seconds.
The magnitude of it is 0.1 g. This simulation was performed for both the offload and CFB architectures,
as shown in Figs. 6-7. In Fig. 6, the normal load factor responses are shown, in Fig. 7 the elevator and
DLC control surfaces, and in Fig. 8 the AoA.

1.1+
@ h/—b — N pilot
— ——mn, (offload)
N 1.08 | “0 n, (CFB)
=3 f
+ 1.06 ‘
&
E
’g 1.04 ¢
Q
— |
= 1.02¢ \‘.
g \
— \
5o A\

0 10 20 30

Time (s)

Fig. 6 DLC architectures comparison of n, responses from a step up and down 7, pilot command simula-
tion.

The n, responses are fast and track accurately the desired value. There is a small overshoot for the
offload architecture mainly due to signal filtering. Although the CFB architecture has an overshoot for
the same reason, this architecture originates small non-typical oscillations at the end of the rise time.
This indicates a small coupling between the AoA and the DLC control surfaces originating from the
CFB. The coupling of the two filtered signals of the CFB is highly dependent on its crossover frequency,
as mentioned in section 4.2. Comparing it to the offload architecture, choosing a crossover frequency for
the CFB to minimize coupling and achieve adequate coordination was more challenging than choosing
an offloading gain K. The value used for the CFB crossover frequency was w, ¢s = 0.6 rad/s. For the
offload architecture, to keep coupling between AoA and DLC control surfaces to a minimum and have
a smooth offload of the dynamics, the offloading gain Ko was chosen to be small (Kp = 0.2). For both
architectures the n, control law gain Ky, was chosen to slightly increase tracking performance and remove
n, steady-state errors. A value of Ky, = 2 was chosen for this tunable parameter.

In Figs. 7 and 8, the dynamics of offloading DLC control surfaces to AoA are illustrated. In fact, in
Fig. 7 the DLC control surfaces act relatively fast to control the short-term response after a step input,
but due to the offloading mechanism the AoA start increasing, taking over the responsibility from the
DLC control surfaces, as shown in Fig. 8. As discussed in section 4.1 and 4.2, the DLC control surfaces
acting fast, while the elevator and AoA dynamics being slower was the intended behavior. For the offload
architecture, this is achieved by the offloading integrator and gain, while for the CFB architecture this is
achieved by the CFB and its bandwidth.
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Fig. 7 DLC architectures comparison of control surfaces responses from a step up and down r, pilot
command simulation.
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Fig. 8 DLC architectures comparison of AoA responses from a step up and down 7, pilot command simu-
lation.

Comparing the DLC control surface responses in Fig. 7, the CFB architecture has the advantage of it
returning back to zero more accurately when compared to the offload architecture. This happens because
of how the offloading integrator is used in its implementation. Assuming the DLC control surfaces to be
zero at steady-state for the offload architecture, the signal immediately after the integrator, n‘z" emg> Would
have to be constant. From equation (19), the commanded AoA is also a function of dynamic pressure.
Therefore, changes to dynamic pressure influence the commanded AoA. This is specially relevant when
an autothrottle is used, since its ability to track accurately and fast the aircraft’s velocity determines if the
DLC control surface deflection are offloaded to exactly zero. Therefore, for the offload method, returning
the DLC control surfaces back to zero can only happen with a good enough autothrottle that is able to
accurately track the desired airspeed. In the CFB architecture, since n%l° _ is a high-pass signal, the CFB

z,cmd
forces the dqic to be exactly zero at steady-state.

For improved visualization of the coordination between AoA and DLC control surfaces, Fig. 9
explicitly shows the primary contributors to n, tracking for both DLC implementations. The normal load
factor values are shown in variations from their initial values.
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Fig. 9 Explicit n, contributions for a simulation of a step up and down », pilot command.

Both Figs. 9a and 9b, show the shift in responsibility from DLC control surfaces to AoA and elevators.
As illustrated, the nglc contribution acts fast following the step inputs, allowing a quick n, response. The
AoA and elevators follow this fast response by assuming full responsibility of tracking n,, causing the
DLC contribution to return to its initial value. This coordination is crucial for DLC implementations to
work and to enable its benefits.

5.2 Non-Minimum-Phase Behavior

One of the aforementioned advantages of DLC is the removal of the non-minimum-phase behavior
that comes with the use of elevators. To identify this removal, the zeros of a simpler linear model of
the aircraft can be analyzed when the DLC architectures are used in the controller. The linear model in
equation (10) is used for these analyses. The open-loop (OL) transfer function from elevators, deje, to
flight paht angle, vy, is presented in equation (30):

0.061 (s — 11.44) (s + 9.675)

Sete (5) . 30
(1778 +1078) o G0

y(s) =

From equation (30), the RHP zero z = 11.44 can be noted. This is a relatively fast zero that does not
impose a limiting bandwidth constraint to the CL system. The high frequency RHP zero is attributed to
the aircraft being a relatively small passenger jet and the high airspeed chosen for linearization. Although,
the bandwidth constraint does not impose a realistic limitation for the aircraft used in this work, this is
rather important for bigger passenger aircraft. Since the goal of this section is to demonstrate the removal
of the RHP zero and its bandwidth limitation, the analysis is proceeded with this aircraft and its RHP
zero. Assuming a required system bandwidth, wpgg, and a maximum allowed peak, Mg, of the sensitivity
function for the CL system, a real RHP zero, z, imposes a bound on wps of the form [23, 24]:

wps < (1-M5') 2. 31)

Taking a reasonable maximum allowed peak of Mg = 2, the RHP zero of equation (30) imposes a
bandwidth limit of wps < 5.72 rad/s to the controlled system. This is the existent limitation when using
only elevators for controlling the vertical dynamics of aircraft. When DLC architectures are considered
with proper coordination between elevators and DLC control surfaces, this RHP zero and the bandwidth
limitation are removed.
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To illustrate the removal of the RHP zero, the zeros of the two DLC architectures, the non-DLC
architecture and of equation (30) are displayed in Fig. 10a, and time domain simulations of a step input
of n pilor are shown in Fig. 10b for DLC and non-DLC architectures.
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Fig. 10 Non-minimum-phase behavior comparison between different controller architectures.

As shown in Fig. 10a, the OL zero remains in the system when using the non-DLC controller
architecture. For both DLC architectures, this RHP zero is removed. In Fig. 10b, the flight path angle
response for the DLC architectures is significantly faster and directly influenced, whereas the non-DLC
architecture exhibits a slower response with non-minimum-phase behavior. For both DLC architectures
there is no longer a non-minimum-phase behavior in the CL system. Consequently, the limitation in
controller bandwidth for the DLC architectures is eliminated.

5.3 Disturbance Rejection

To address disturbance rejection, a turbulent wind field is considered. The wind field is represented
by a Dryden continuous turbulence model. A Total Energy Control System (TECS) is used to track a
constant altitude. The TECS implementation described in Ref. [25] is used in this work. The pilot’s
commanded 7, is replaced by the TECS output. Both DLC and non-DLC architectures are considered
and a comparison is made between them when encountering this disturbance. In Fig. 11, simulation
results comparing the three architectures are presented. To evaluate disturbance rejection properties,
altitude and flight path angle results are displayed in Figs. 11a and 11b. To illustrate the potential pilot
workload, the TECS output is shown in Fig. 11c. To address comfort, Fig. 11d shows the pitch angle
responses for the three architectures.

From Figs. 11a and 11b, it is evident that the DLC architectures outperform the non-DLC one at
handling wind disturbances. As previously mentioned, control architectures with DLC capabilities can
reduce altitude and flight path angle variations when encountering these disturbances. Since DLC control
surfaces can directly influence lift and more rapidly counteract disturbances to it, disturbance rejection
is improved significantly with these architectures. In Fig. 11c, the commanded n; values from TECS are
presented to address the potential pilot workload to maintain the aircraft at constant altitude in turbulent
wind fields. The reduction of workload is clear for the DLC architectures. For the non-DLC architecture
the oscillations are bigger compared to the required autopilot output of the DLC architectures. Lastly, in
Fig. 11d, the pitch angle evolution is shown to analyze comfort levels for passengers. Smaller oscillation
amplitudes are desirable to increase passenger comfort. For DLC architectures, pitch oscillations are
smaller, performing better for passenger comfort compared to non-DLC architectures.
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Fig. 11 Comparison between the offload, CFB, and non-DLC architectures under turbulent wind fields.
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Fig. 12 Control activity comparison between the offload, CFB, and non-DLC architectures under turbu-

lent wind fields.

In Fig. 11, it was observed that using DLC controller architectures improves significantly disturbance
rejection capabilities due to their ability to rapidly counteract perturbation in lift. This ability to counteract
disturbances imposes a requirement on control effectiveness of DLC control surfaces, since they try to
cancel the disturbances while operating within deflection limits. Fig. 12 shows the control activity under

the turbulent wind field.
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As illustrated in Fig. 12a, there is some DLC control activity to counteract the wind disturbances. It
can also be observed that the DLC control activity for the CFB architecture is slightly greater compared to
the offload architecture. This moderate control activity indicates that the control surfaces of this aircraft
used for DLC purposes are not highly effective at generating lift. Using equation (7), since the DLC
architectures use 04 to track directly n,, any AoA disturbance results in 64, approximately counteracting
it:

Cr, o +Cr,, Saic ~ 0. (32)

Equation (32) is only an approximation since turbulence effects are introduced into the control
law through the measured n,, which corrects n, ¢ng via an integral term, as shown in Fig.2. To exactly
counteract the turbulence effects and to improve the control law, a,, can be estimated and its ., contribution
fed forward negatively in Fig. 2. Nevertheless, when sizing the control surfaces for DLC purposes,
equation (32) provides an adequate initial estimate for their control effectiveness based on their maximum
allowed deflections. Assuming a worst case disturbance @, worst On A0A, and a maximum allowed
deflection for DLC control surfaces, dgicmax, the desired Cr, 5y, CAN be estimated as:

|- CL,
Loge| ~

Ay, worst

(33)

5dlc,max

Equation (33) can be used for preliminary sizing of control surfaces for DLC purposes, or to
investigate whether an existing aircraft has the control effectiveness required for implementing DLC
capabilities. Taking the aircraft used in this work as an example, assuming a maximum allowed deflection
for DLC control surfaces of dgicmax = 15 deg, the allowed worst case disturbance for AoA would be
@yw.worst & 1.05 deg. This worst case disturbance for AoA is rather small, which explains the moderately
large deflections obtained for the DLC control activity in Fig. 12a.

5.4 Hardware-in-the-Loop Tests

Hardware-in-the-loop (HiL) testing is a natural step following simulation analyses. To assess the
viability of using real control surfaces with a servo actuator for DLC purposes, preliminary Hil tests
were conducted. The experimental setup consisted of a test rig to replicate a single MFTE panel and its
actuator dynamics. In Fig. 13, an image of the test rig is shown.

The panel is physically connected to an electromechanical servo actuator through a linkage mech-
anism. With this servo actuator the panel’s deflection can be controlled. To simulate the aerodynamic
hinge moments acting on the control surface, the panel is physically connected to a pneumatic load
actuator. Forces can be commanded to this pneumatic actuator that represent equivalent hinge moments
based on aircraft aerodynamics. These represent the two input signals the test rig requires: the com-
manded panel’s deflection and the hinge moment. Additionally, as an output, the test rig has the measured
panel’s deflection signal which can be fed back to a simulation environment. An in-depth description
and characterization of this test rig was performed in [26].

For the HiL tests, the MFTW panel of the test rig was used for representing the DLC control surfaces.
Given that the chosen control allocation for these control surfaces deflected them equally, the MFTE panel
was used to replace all of the DLC control surfaces. Fig. 14 shows a diagram highlighting the test rig
block in red and how it is incorporated into the CL simulation environment. To make it real-time capable,
the controller blocks and aircraft had to be linearized to accelerate simulation times.

The same simulation tests presented in section 5.1 were performed with this HiL experimental setup.
Given the similarity of the results for the offload and CFB architectures, only the offload architecture
results are presented and discussed in this section. Additionally, since the HiL tests were conducted first,
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Fig. 13 View of the test rig used for the HiL simulations.
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Fig. 14 Vertical dynamics control diagram with HiL setup.

these were performed with an earlier iteration of controller parameters. For the results presented in this
section the offloading gain Ko was set to 0.25 and the n, control law gain Ky, to 1. The n, response result
is shown in Fig. 15.

The HiL simulation results have some differences compared to the simulation results in Fig. 6. The
triangle-shaped n, overshoot in Fig. 15 is characteristic for systems containing actuators with free-play.
It was noted that the actuation system of the test rig has just over 1 degree of free-play. Additionally,
Fig. 15 shows quantization-induced high-frequency oscillations. Both free-play and quantization effects
are illustrated in the d4ic response shown in Fig 16b.

The larger-amplitude, almost discrete variations in Fig 16b correspond to the free-play phenomenon,
while the smaller-amplitude variations correspond to quantization. These effects are particularly relevant
for DLC implementations given that any disturbance on DLC control surfaces affect directly the n,
response. The dqic values in Fig. 16b also exhibit a constant offset from zero due to a non-zero hinge
moment applied by the pneumatic actuators. This is undesirable, however, due to how the pneumatic
actuators and test rig were setup, it was unavoidable. Additionally, slightly bigger oscillations are
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Fig. 15 n, response of HiL simulation of a step up and down 7, pilot command using the offload architec-
ture.
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Fig. 16 HiL simulation of a step up and down 7, pilot command using the offload architecture.

observed in the AoA response in Fig. 16a when compared to Fig. 8a. These are due to the different value
used for the offloading parameter, Ko, in the HiLL simulations.

The intended offloading behavior is still present in the HiL tests and is more clearly illustrated by the
explicit n, contributions shown in Fig. 17.

As illustrated, the DLC contribution responds relatively fast and is the primary responsible for
tracking the commanded n, value during the initial seconds, after which it returns to its initial value
due to the offloading mechanism, which increases the AoA contribution. The free-play and quantization
effects are clearly observed in the DLC contribution. Since these effects are only present in this signal,
the oscillations in the total n, signal are entirely explained by these effects.
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6 Conclusions & Future Work

In this paper, DLC architectures were presented and discussed as a promising way of controlling the
vertical dynamics of new aircraft concepts. Given that these new aircraft concepts would already have
the required MFTE devices, the proposed architectures do not necessitate any hardware changes to the
aircraft. Results in the demonstrator model show the benefits of using these approaches.

Both architectures were able to integrate DLC and coordinate it with AoA. Short-term use of DLC
control surfaces and long-term adjustment of AoA was achieved. Both architectures show fast normal
load factor responses and the successful coordination between AoA and DLC control surfaces. Initial
results of the offload architecture show the challenges of returning DLC control surfaces exactly to zero.
Since this architecture is able to return the DLC control surfaces to values very close to zero, the tests
conducted thus far have not required the development of additional mechanisms to address this non-
zero deflections. However, future flight tests may exacerbate this issue, requiring careful consideration
of the effects of dynamic pressure and the autothrottle on the offloading mechanism. In contrast, the
CFB architecture achieves zeros steady-state deflection values, however, results show small undesirable
coupling between the AoA and DLC control surfaces for this architecture. The crossover frequency of
the CFB is crucial at coordinating the two and keeping coupling to a minimum.

The typical non-minimum-phase behavior associated with using elevators was also analyzed and
results show how the proposed DLC architectures eliminate the RHP zero and the corresponding controller
bandwidth limitation. Although for the aircraft considered in this work the upper bound constraint for
the bandwidth is large, the constraint becomes crucial for larger passenger aircraft, specially at low
airspeeds. These results shows the potential of DLC for improving aircraft handling and disturbance
rejection properties.

The disturbance rejection properties were analyzed and compared with a comparable non-DLC con-
troller architecture. Results show the significantly better capabilities of DLC architectures at handling
these. Altitude and flight path angle variation were substantially reduced when considering DLC ar-
chitectures. Additionally, potential pilot workload to maintain constant altitude was assessed using the
commanded normal load factor from a TECS function. Results show that pilot intervention is much
smaller for the proposed DLC architectures. Passenger comfort levels were also analyzed using the
pitch response under the same turbulent wind field. The DLC architectures continued to outperform the
non-DLC architecture, leading to greater comfort levels.
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DLC control activity was also analyzed using the same turbulent wind fields. Results show the
importance of correctly sizing DLC control surfaces. Given its inherit property of counteracting wind
disturbances, DLC architectures are only viable if the DLC control surfaces have sufficient control
effectiveness. Simple estimations can be computed to quickly assess if an aircraft has the capabilities for
DLC implementations or to size DLC control surfaces for new aircraft.

Preliminary HiL results show the feasibility of using real actuation systems for DLC purposes. The
results show the effects of free-play and quantization. Although the effects are small they should be
properly studied for future flight tests given the direct influence the DLC control surfaces have on the
normal load factor.

In-depth synthesis of the parameters used in these architectures to study possible gains in performance
will be the focus of future work. Additionally, pilot feedback from piloted tests of these architectures in
flight simulators and on the modified Cessna Citation VII aircraft will be implemented and analyzed in
the future.
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