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Abstract

Modern aircraft design, driven by advancements in materials and aerodynamic optimisations as well as new
applications and unconventional configurations, especially in the UAV sector, but also for medium to large
transport aircraft, exhibits complex dynamic behaviour that challenges conventional flight control systems. In
consequence, several modern control approaches have emerged, which all have in common to strive for a
reduced plant dependency by utilising acceleration or state derivative measurements and thereby extending the
control scope to the actuator dynamics. This paper presents a comparative analysis of four advanced control
approaches using the well-established Non-linear Dynamic Inversion (NDI) as a reference: Local Acceleration
Control (LAC), Incremental Non-linear Dynamic Inversion (INDI), Extended Incremental Non-linear Dynamic
Inversion (E-INDI) and Actuator Non-linear Dynamic Inversion (ANDI). We draw attention to the strong analogies
between these approaches, which are still inadequately recognised in the field. In the first part of the paper each
control law is formulated using a consistent, unique nomenclature and applied to a simple flight dynamic system
of an aircraft represented as a point mass to facilitate a comparison of their structures. It is shown that some of
these approaches converge to the same control law under ideal nominal conditions. In the second part of the
paper, the approaches are evaluated by simulation, extending to various non-ideal conditions, including sensor
dynamics, rate dynamics, and model uncertainties. These real-world effects compromise the cancellation of
feedback loops inherent to the incremental control concepts, causing results to differ in practice despite all
analogies. The advantages and problems of the approaches are presented, with particular emphasis on LAC,
which shares the benefits of the INDI-based approaches in terms of robustness, disturbance rejection and
compensation of non-linearities, but takes additional advantage from a direct actuator level implementation,
avoiding asynchronous, counteracting feedback and enabling lower lag times as well as straightforward gain
adjustment.

NOMENCLATURE Abbreviations
ANDI Actuator Non-linear Dynamic Inversion
Symbols E-INDI  Extended Incremental Non-linear Dynamic
A State Matrix Inversion
B Input Matrix EoM Equation of Motion
c Output Matrix INDI Incremental Non-linear Dynamic Inversion
f Frequency LAC Local Accerlation Control
h Altitude NDI Non-linear Dynamic Inversion
J Moment of Inertia SSE Steady-State Error
K Static Controller Gain
v Pseudo Command
wo Undamped Natural Frequency 1. INTRODUCTION
y Laplace Varlab!e In classical flight control architectures, flight control
u Control Deflection | lobed ind dently of th tuat
Z Linear Dependencies aws are develope independently ot Ihe actualor
¢ Damping Coefficient internal control law. This separation is justified by the
assumption that actuator dynamics are sufficiently fast
for many conventional flight control applications. How-
Indices ever, advancements in aircraft design, driven by new
act Actuator materials, aerodynamic optimisations and lightweight
c Command structures, have led to increased structural flexibility,
c Cut-off particularly in high-aspect-ratio configurations. These
des Desired changes introduce dynamic behaviours that require
mod Modified active stabilisation in a broader frequency range. [1,2]
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To address these challenges, recent research has
focused on flight control laws that consider actuator
dynamics in the flight control design phase. One such
method is the Local Acceleration Control (LAC) ap-
proach proposed by Meyer-Briigel and Silvestre [3].
The LAC approach directly modifies the actuator
control loop by removing the conventional actuator
position feedback loop and replacing the commanded
deflection angle with the local acceleration generated
at the control surface, allowing for greater distur-
bance rejection and superior robustness with respect
to aerodynamic parameter uncertainties [3].

Acceleration measurements also play an important
role in various non-linear control approaches. The
Non-linear Dynamic Inversion (NDI) approach inverts
the non-linearities of the system, resulting in a linear
relation between the commanded auxiliary control
input and the system output [4]. However, this method
is dependent on an accurate mathematical system
model [5]. The Incremental Non-linear Dynamic
Inversion (INDI) approach overcomes this limitation
by computing an incremental control input based on
actual measurements of the state derivatives (e.g.
accelerations) rather than computing them model
based. This reduces dependence on the full system
model to the influence of the input effectivity, thus
increasing robustness dramatically [5, 6]. However, a
key disadvantage is that the actuator dynamics are
not explicitly taken into account.

Building on the INDI approach, Raab et al. propose an
Extended Incremental Non-linear Dynamic Inversion
(E-INDI) approach that incorporates actuator dynam-
ics directly into the inversion process [7]. This allows
for an artificial modification of actuator dynamics dur-
ing controller design. However, the E-INDI approach
does not account for state-dependent terms during
the inversion process. Steffensen et al. propose a
sensor-based Actuator Non-linear Dynamic Inversion
(ANDI) approach, which integrates actuator dynamics
and state-dependent terms into the incremental con-
trol law [8]. All these incremental control approaches
have in common to introduce a positive feedback of
the actuator position (as they command increments
relative to that position). Thereby, they do essentially
invert the actuator (position-) dynamics, as the posi-
tive feedback cancels the negative position feedback
inherent to almost any servo control algorithm [5]. In
consequence, although originating from totally dif-
ferent perspectives, the LAC approach (intentionally
modifying the actuator control) on the one hand and
the INDI related control approaches (inverting the
actuator dynamics imposed by the controller) on the
other hand result in very similar control laws and do
partially share the same benefits. However, due to
the never achievable perfect cancellation of the two
contradicting feedback loops which are based on
independent measurements and realised in separate
hardware units, the practical results are expected to
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differ.

This paper aims to compare these five control ap-
proaches: LAC, NDI, INDI, E-INDI and ANDI and to
investigate the influence of typical effects leading to
non-ideal cancellation of the loops and their practical
impact on control performance. In Section 2, the
flight dynamics and actuator models are introduced.
Section 3 formulates each control approach using
a consistent, unique nomenclature and expresses
all control laws in terms of a commanded actuator
speed, enabling a clearer comparison of their struc-
tures. Section 4.1 evaluates nominal performances
of the approaches, including the ability of the LAC,
E-INDI and ANDI approaches to modify the actuator
dynamics. Section 4.2 investigates robustness with
respect to sensor models, rate dynamics and model
uncertainties. Finally, Section 5 concludes the paper.

2. MODELLING

2.1. Flight Dynamics Model

To point out the underlying principles and the analo-
gies between the different control approaches, in best
clarity, a very basic example, as in [3], will be em-
ployed. This example considers a point-mass aircraft
model with only the plunge degree of freedom. The
simplified equation of motion (EoM) is expressed as

(1) h=—Zyu— Zyh,

where h is the altitude, « is the elevator deflection, Z,,
and Z, express the lift force linear dependencies as-
sociated with a reference flight condition. This EoM
can also be written as a state-space model:

T = Ax + Bu,
(2) y = Cu,
where
0 1 0 h
A= B=| % e=[1 o.2= .
0 —Z, —Z, h

For the purpose of the analysis, the parameter values
Z, = —45.004mrad 's~2 and Z,, = 3.0785s~! have
been used, which roughly resemble the behaviour of
a Stemme S15 motor glider [3].

2.2. Actuator Model

For the comparative study, a second-order linear
model of an electric actuator from Meyer-Briigel and
Silvestre [3] is considered. The actuator model is
defined by:

(3) U= 7[,
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where K; = 5.64NmA~! is the motor torque con-
stant, J = 0.3320 kg m? is the moment of inertia and I
is the actuator current.

2.3. Actuator Control

To track the commanded control surface deflection,
the electric actuator is driven by a cascaded servo
control law. This structure consists of two proportional
controllers: an outer actuator position control loop and
an inner actuator speed loop. The outer loop com-
putes the desired rate command based on

(4) e = Ky (e — u),

where K, = 30s~! is the gain for the actuator posi-
tion control loop. The inner loop then computes the
actuator current command based on

(5) I = Kp(td. — ),

where K;, = 8 Asrad ™! is the gain for the actuator
velocity control loop. The commanded actuator cur-
rent I serves as the input to the actuator dynamics.

3. CONTROL APPROACHES

In this section, the control approaches examined in
this comparative analysis will be detailed.

3.1. Local Acceleration Control (LAC) Approach

The Local Acceleration Control (LAC) approach,
first introduced by Meyer-Briigel and Silvestre [3],
is driven by the intention to unify the control design
of flight and actuator controllers to achieve aeroe-
lastic control in a potentially extended frequency
range and improve robustness as well as disturbance
rejection. The concept replaces the "classical" ac-
tuator position feedback loop with the feedback of
the local acceleration measured at the control surface.

Viewing the complete state-space, comprising flight
dynamic states as well as actuator states, the authors
showed that feeding back the local acceleration rather
than control surface deflection results in feeding back
the same system state vector just in different coordi-
nates. In consequence, for any classic state-feedback
controller, there exists an analogue LAC based con-
trol law yielding the same closed-loop dynamics. Its
parameters may be determined from the classical
ones using the appropriate state transformation or by
comparing the resulting transfer functions.

For the basic example introduced in section 2.1, a
cascaded state-feedback structure involving a verti-
cal speed and an altitude control loop is assumed.
Combined with the actuator control law equations 4
and 5, the complete feedback law

6) 1= Kra(Kuu(K,j, (K, (he — h) — h) — u) — 1)
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based on the classical position controlled actuators
is obtained, where K ; and K, denote the vertical
speed and altitude control loop gains. Following the
LAC approach, the actuator position feedback v is re-
placed by the (local) acceleration feedback h, which
results in the corresponding LAC based control law

(7) T =Kpa(Kyj, (K, (Kpy, (he — h) = h) = h) — ).

The required parameter relationship

-1
(8) K. ;= 7Kﬂ1L7
(9) Ky =—Z,K,; + Za,
-7 K .Kt_:lass
10 Jraccel _ U uh”"hh
( ) hh Khh

to achieve the same closed loop dynamics compared
to the classical control law is derived in appendix A.

In the following sections, it will be shown that all the
above-mentioned control approaches share the outer-
loop structure (velocity and altitude control loop) and
the actuator rate control loop. Therefore, to facilitate a
consistent comparison, the analysis will be restricted
to the acceleration control loop generating the actua-
tor rate command. The revised control law for the LAC
approach is given by:

(11)

e = (he — h)K i |

The LAC approach will serve as the baseline for the
remainder of this work, with all subsequent control ap-
proaches designed to match its performance.

3.2. NDI Approach

The NDI approach strives to compensate for the non-
linearity of the plant by identifying and inverting a di-
rect relationship between the control input(s) « and a
derivative of the variable y to be controlled. Consider
the non-linear input-affine system

&= f(z)+g(x)u
(12) y = h(x).
In the NDI approach, the fundamental principle is to
find the r-th time derivative of y, where the time deriva-
tive
(13) y") =a,(x) + B, (x)u=v
is directly affected by the input v as B, # 0 [4]. The
relation is inverted to obtain
(14) e = B, N (2)(Vdes — au)
which allows to compute u. from a desired value
Vdes = yég)s denoted as pseudo-control [4,5]. Due to
the now linear relationship between y and v, simple
linear error control may be employed to achieve a
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desired closed-loop dynamics.

Although being already linear in nature, the same pro-
cedure may be applied to the basic model in section
2.1. Choosing y = h as the controlled variable yields
the derivatives

y = h = CAz + CBu,
=0

(15)  §j=h=CA(¢) = CA%x + CABu=v,

which unveil the second time derivative §j = h as the
pseudo-control because it is directly impacted by the
control input . Inverting equation 15 yields

(16)
(17)

ue = (CAB) " (h, — CA%z),
-1

Y
Zu(hc+ oh)

This control command is realised by a classical actua-
tor. Therefore, in combination with the position control
loop, the control law

1'1,,; - (uc - U)Kuu,

(1 8) (eq.17)

-1 . .
Ue = (Zu(hc + Z,h) — u) Ky |

for the NDI approach formulated in terms of the com-
manded actuator speed is obtained.

3.3. INDI Approach

The INDI approach builds on the basis of the NDI
approach. The INDI approach increases the ro-
bustness of the NDI approach by replacing the
model-dependent term a, in equation 14 with mea-
surements of the v = (") and current control input w,
using the expression [5, 6]

(19)

a,(z) =v — Byu.

Inserting the above expression in equation 14 leads to
the INDI control law

(20) e = u+ B, H(2) (Vdes — V)
which reflects an incremental change
(21) Au=u. —u= B, (x)(Vges — V)
with respect to the current control input .

Applied to the basic example, where

(22) B, =CAB=-Z7,,
we obtain
Ue = U + j(h — h)
c — Zu C )
(23)
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where vges = h. and v = h. The control law for the
INDI approach, expressed in terms of the commanded
actuator speed, is given by:

Ue = (uc - U)Kﬂua
-
Zy,

From this equation, it becomes evident, that the nega-
tive position feedback, which is inherent to practically
all actuator controllers, cancels the positive feedback
of the actuator position and thereby essentially elim-
inates the incremental character of the INDI control
law. Thus, the INDI command should be interpreted
as a direct actuator rate command. This has already
been reported by [5]. However, a perfect cancellation
would only take place in an ideal scenario and may
not be valid under non-ideal conditions, since in prac-
tice the required positive feedback must be obtained
via an additional sensor, an observation procedure,
or processed actuator measurements, and therefore,
perfect cancellation cannot be achieved.

3.4. Extended-INDI Approach

The extended-INDI (E-INDI) approach modifies the
INDI approach by incorporating actuator dynam-
ics into the control allocation [7]. In this extended
approach, the pseudo-control in equation 13 is
differentiated again, resulting in

INav(z) + By(@)u) . 9(av(z) + By(2)u) |

U= T+ U,

ox ou
(25)

= A, (z,u)t + B, ().

Here, the state-dependent (A,) term is often ne-
glected [5, 7], giving rise to the inversion law

(26) v = B,(x)d.

Following [7], an arbitrary actuator dynamics may be
represented as:

(27) u(s) = Kact + Fact(s)(ue — u)

which explicitly separates the outer position control
loop dynamics (gain Kyct) from the remaining inner
higher-order dynamics. An analogous representation
may be chosen for an arbitrary desired dynamics of
the pseudo-control, yielding

(28) V(S) :KV'FI/(S)(VdeS_V)'

Inserting equations 27 and 28 in equation 26 results
in the control law:

(29)
e = u + Fact(s) " (By Kact) " K, F, () (Vges — V)

assuming B, to be invertible. Otherwise known
control allocation methods may be employed on
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(B, Kact), thus taking the actuator bandwidth directly
into account, which is considered a key advantage of
E-INDI [7].

From the second-order actuator model, along with its
cascaded servo controller described in equations 3, 4
and 5, it can be deduced that

(30) Kact = Kﬂuy
K,
1 Fopg = —2%
(31) =

where K, = K:K1./5. Assuming the desired pseudo-
control dynamics

IS PR —
T 82 4+ 2¢wos + wi

Vdes(5)

to be of second-order as well, we obtain analogously

_ 2Cwo
(33) F,(s) = 5T 20w
— Wo

Inserting equations 30, 31 as well as the expression
equation 22 for B, in equation 29 results in the control
law

s+ K’zl

(35) w, = u+ (= ZuKau) " K F,y(s)(he — ).

Again, the control command w. is subject to the actu-
ator position control loop equation 4 which allows to
formulate the control law in terms of commanded ac-
tuator speed:

Ue = (uc - U)Kuu,

. -1 s+ K, . .
(36) = U, = Z ( . > K, F,(h.—h)|

3.5. ANDI Approach

The Actuator NDI approach (ANDI) [8] is similar to
the extended-INDI approach, however, it puts on
new theoretical grounds, providing insight into the
implicit assumptions underlying the INDI control ap-
proach and the effect of actuator dynamics on control
performance. The ANDI control law represents an
exact inversion law, which is obtained by applying
NDI not only to the flight dynamics plant, but also to
the complete system including actuator dynamics.
The system output equation 13 is differentiated again
resulting in
(37) v=A,(x,u)i+ B,(x)u.

Assuming similar actuator dynamics as equation 27
and similar pseudo-control as equation 28, the above
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inversion law results in the control law:
(38)
Ue = U+ Fact(s)_l(BuKact)_l(KuFu(S)(Vdes - V) - Aujf)-

Comparing this with the E-INDI control law, the differ-
ence is made by taking the state dependent term A, &
into account. Applied to the basic example, where

(39) A,k = CA% = —Z,h
the ANDI approach results in the control law

(40)

n s+ Ky -1
Ue = U
Ku ZuK'[Lu

(K F,(he —h) 4+ Znh).

The control law formulated in terms of the commanded
actuator speed is given by:

'L.Lc = (uc - U)K’[Luv
(41)

| te = Zy, ( Ky ) |:KVFV(hC B h) + Zah:| ‘
4. RESULTS

This results section is structured to first evaluate
each control approach under ideal, nominal con-
ditions.  Subsequently, a robustness analysis of
the approaches will be presented, in which the im-
pact of sensor dynamics, rate dynamics and model
parameter uncertainties are investigated.

4.1. Nominal Case
Control Control Law
Ap-
proach
LAC de = (he — h) Ky,
NDI ihe = Z2(he = (= Zah = Zuu)) Kin,
INDI e = 7+ (he — ) Ky
E-NDI | i = 51 (5559) Ko By (e — )
ANDI e = 71 (255 ) [Ku By (e = b) + Zad]

TAB 1. Overview of the control approaches and their
corresponding control laws

The control laws for the basic example derived in the
previous sections are summarised in table 1. Figure 1
shows the corresponding block diagrams of the com-
plete control structures. Comparing the equations, the
following conclusions may be drawn for an ideal sce-
nario:
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Actuator Dynamics Flight Dynamics

(a) LAC Block Diagram

Flight Control

Actuator Dynamics

(b) NDI Block Diagram

Flight Control

Actuator Dynamics

(c) INDI Block Diagram

O ”F”(S)Fa‘c%(s>

Flight Control

=
S

Actuator Dynamics Flight Dynamics

(d) E-INDI Block Diagram

Fict(s)

Flight Control

Actuator Dynamics Flight Dynamics

(e) ANDI Block Diagram

FIG 1. Comparison of block diagrams for the complete control structures

1) The LAC and INDI approach result in the same
control law if the value

-1
(42) Kuh = Z_uKuu
is chosen for the LAC gain.
2) Both, the LAC and the INDI approach resemble the
NDI control law exactly, as long as a perfect model
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is used for the NDI, since the term (= Zuoh — Zyu)
evaluates to h according to equation 1.

A significant advantage of E-INDI (and also ANDI)
over the INDI and NDI approaches lies in the abil-
ity to explicitly define a desired pseudo-control dy-
namics, thereby essentially inverting and modify-
ing the actuator dynamics. The LAC approach also
offers this capability, as the unified design allows
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for the modifications of the internal actuator control
loop gains directly. By comparing the LAC control
law

(43) it = KoK,z Ah — 1)
with the E-INDI control law

(44)
QC(JJO

. -1 (s+ Ky . )
i = K, <Z( s )Ky (SH@O)MU)

at the ii-level in the frequency domain, it can be ob-
served that the two control laws become equivalent
by choosing the LAC gains as

-K,
(46) K=~

4) The ANDI approach is set apart from the other
approaches by considering and compensating
for the state-dependent influence. As an exact
inversion law accounting for state-dependent in-
fluence as well as the actuator dynamics, it is the
only approach able to follow the pseudo-control
command exactly.

These findings shall also be demonstrated by a

numerical simulation, using a 4th order Runge-Kutta

method with a sample time of 1 x 10~°s, which will
resemble an ideal continuous system behaviour with
negligible errors. Note that the non-causal term

(s+Ku/K,) in equations 36 and 41 has been approx-

imated by extending this term with a low-pass filter

with a time constant = = ﬁ s. Additionally, for the
purpose of this comparative study and to match the
performance of the NDI/INDI approach, the desired
actuator dynamics is selected to match the existing ac-
tuator dynamics, resulting in K, = Kat and F,, = Fyg.

Figure 2 presents the system response to a step
command in vertical acceleration (vges = he) for
the five control approaches, alongside the reference
model, represented by equation 32. Analysis of the
results reveals the expected separation between the
different approaches. Under nominal conditions, the
ANDI approach performs identically to the reference
model. Additionally, the LAC, E-INDI, INDI and NDI
approaches also exhibit identical behaviour to each
other, which is consistent with the equations outlined
above. In particular, the ANDI approach achieves
perfect tracking of the commanded value, whereas
the other approaches display a settling error, which
is caused by the missing compensation of the state-
dependent influence.

Figure 3illustrates the system response to a step com-

mand in vertical acceleration, comparing the results of
the three approaches for a choice of pseudo-control
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FIG 2. System response to a step command in vertical
acceleration
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FIG 3. Step response for the LAC, E-INDI and ANDI

approaches with actuator frequency wg des =
100rads™?

dynamics

212.8

K, = 4705 220
7087, s+2128

F, =
different from the original actuator dynamics. The re-
quired LAC gains

Kimod = 2(wo des = 212.8s ' rad ™!
2
-1 w

K. 0,des

. = . =1.04radsm™".
wh,mod Z, Ku,mod

have been determined according to equations 45 and
46. For comparison, the response with the original ac-
tuator frequency is also included and labelled as the
reference lines. The figure depicts that all three ap-
proaches: LAC, E-INDI and ANDI, successfully mod-
ify and achieve the desired higher actuator frequency.
This is characterised by the faster rise time of all ap-
proaches compared to their respective reference re-
sponses.

4.2. Real Case

In the previous section it has been shown for an ide-
alised scenario, that the LAC, NDI, INDI and E-INDI
approaches converge to the same control law, if pa-
rameters are adjusted appropriately. However, the fol-
lowing idealising assumptions may not hold in reality,
leading to different performance:

1) The equivalency between LAC and the incremen-
tal control approaches relies on the effect, that the
positive feedback of « inherent to the incremen-
tal command cancels the negative feedback of u
within the actuator position control loop (see equa-
tion 4). Thereby, the actuator position control is
essentially eliminated, which is also the concept
behind LAC. In practice however, the positive feed-
back being the basis of incremental control, is to be
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acquired by the flight control unit by means of an
independent second position sensor, a kind of ob-
servation procedure, based on the command val-
ues from previous time steps or obtaining a pro-
cessed version of the actuator internal measure-
ments from the actuator control unit. In either case,
perfect cancellation will not occur.

2) In a real implementation, both, flight control and
actuator control are discretised systems, hence the
idealised continuous representation of the control
laws will no longer hold. This is especially true for
the FCL part, since flight controllers usually work
with significant lower sampling rates compared to
actuator control.

3) The non-causal transfer function F,' involved in
the E-INDI and ANDI control laws has to be ap-
proximated by extending the term with a low-pass
filter, involving numerical differentiation. The pole-
zero cancellation for K; will not take place exactly
and the transfer functions F, and F,;; may not be
combined to yield a causal relationship depending
on the type of control allocation involved.

4) The model assumption underlying the NDI ap-
proach may not match the real behaviour of the
plant. Hence, there is a discrepancy
(47) h 7& _Zgwdelh _ ZZnodeIu
due to model uncertainties, making the NDI control
law diverge from the approaches. This is a well-
known drawback of the NDI approach causing ro-
bustness issues, which has been overcome by the
INDI approach [5].

The possible impact of these real-world effects will be

assessed in the following sections.

4.2.1. Effect of Sensor Model

In this subsection, the effect of an imperfect cancel-
lation of the actuator position feedback by the incre-
mental control approaches (INDI, E-INDI and ANDI)
is analysed. To assess these effects, it is assumed
that the basis value of the control increment Aw is ob-
tained by the FCL using a second independent sensor
for the actuator position. A simplified sensor model is
implemented, as these approaches use an additional
feedback of the actuator position, as seen in their re-
spective block diagrams in figure 1. The sensor model
is depicted in the block diagram in figure 4. The model
incorporates a first-order low-pass filter with a cut-off
frequency f. to represent the sensor dynamics, sen-
sor delay, sensor offset and measurement noise. It
should be noted that the sensor within the actuator
that measures the actuator position would also con-
tribute to the overall sensor impact, as the impact is
caused by the difference of these two sensor signals,
the source of the error is less relevant. For the sake
of a more transparent analysis, the error effects will
therefore, be summarised in the FCL position sensor,
while the actuator position sensor within the actuator
control loop is assumed ideal.
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Filter
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FIG 4. Sensor model block diagram

Sensor Dynamics
In the presented sensor model, a first-order low-pass
filter

1

48 o
(48) ﬁs—kl

H(s) =

with a cut-off frequency f. is used to model the sen-
sor dynamics. To analyse the impact of the cut-off fre-
quency on the control approaches, itis varied between
2 Hz and 1000 Hz. The system responses for the INDI,
E-INDI and ANDI control approaches are shown in fig-
ures 5 and 6. As illustrated in figure 5, the INDI and
E-INDI approaches exhibit identical behaviour with re-
gard to filter cut-off frequency. At higher cut-off fre-
quencies, the INDI and E-INDI approaches the perfor-
mance of the LAC approach, while the ANDI approach
coincides with the reference model. From the figures it
is also observed that the cut-off frequency has minimal
influence on the system’s initial response. However,
reducing the cut-off frequency leads to a significant in-
crease in the settling time and a noticeable increase in
the steady-state error of the pseudo-control response.
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FIG 5. Step response for INDI and E-INDI approaches
with increasing cut-off frequency
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FIG 6. Step response for ANDI approaches with in-
creasing cut-off frequency

Sensor Delay

Figures 7 and 8 illustrate the effects of the sensor de-
lay on the system response for the INDI, E-INDI and
ANDI control approaches. In the simulations, the sen-
sor delay is varied from 0 ms to 100 ms. Similar to what
is observed in the case of the first-order filter, figure 7
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shows that the INDI and E-INDI approaches exhibit
identical behaviour. For both the INDI and E-INDI ap-
proaches, the zero sensor delay case matches the
system response of the LAC approach (which is not
affected by the sensor errors), while in the case of the
ANDI approach, this same case coincides with the re-
sponse of the reference model. Similar to the effect
of the sensor dynamics, the figures reveal that, for all
three approaches, increasing the sensor delay intro-
duces an additional steady-state error. Furthermore,
the introduction of sensor delay additionally causes an
oscillation tendency, which has not been observed for
pure sensor dynamics. It is also observed that, in all
three approaches, the addition of a sensor delay on
the actuator position feedback, does not result in a re-
sponse delay in the system. It is noted here, that for
the ANDI approach, a sensor delay of 30 ms yields a
steady-state error of the same magnitude as the de-
viation relative to the reference model shown by the
INDI/E-INDI approaches.
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FIG 7. Step response for INDI and E-INDI approaches
with increasing sensor delay
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FIG 8. Step response for ANDI approaches with in-
creasing sensor delay

Sensor Offset

In this analysis, the sensor offset is defined as a per-
centage of the maximum actuator angle measurement
range (defined here as +30°). The offset is varied be-
tween 0% and 1% of this range and the resulting sys-
tem responses are shown in figures 9 and 10. The fig-
ures indicate that sensor offset only affects the steady-
state response of the system. With an increasing sen-
sor offset, the system response shifts parallel, leading
to a higher steady-state error across all three control
approaches: INDI, E-INDI and ANDI. Notably, in the
zero-offset case, both INDI and E-INDI match the LAC
system response, whereas the zero-offset ANDI coin-
cides with the reference model.

Sensor Noise

In the sensor model introduced above, the white sen-
sor noise is modelled using a random number gen-
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FIG 10. Step response for ANDI approaches with in-
creasing sensor offset

erator, which adds uncorrelated random values upon
each time sample in the quasi-continuous simulation
running at 100 000 Hz. Similar to the sensor offset, the
maximum sensor noise level is defined as a percent-
age of the maximum angle measurement range and
is varied between 0% and 1%. The system responses
to a step input in vertical acceleration under varying
noise levels are presented in figures 11 and 12. The
results indicate that, similar to the sensor offset, sen-
sor noise does not affect the dynamic response of the
system in all three control approaches. However, at
higher noise levels, a noticeable fluctuation around
the steady-state value is observed. For the zero-noise
case, both INDI and E-INDI responses match the LAC
system response, while the zero-noise ANDI response
coincides with the reference model.
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FIG 11. Step response for INDI and E-INDI approaches
with increasing sensor noise
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creasing sensor noise
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4.2.2. Effect of Rate Dynamics

Until now, only the quasi-continuous system behaviour
has been assessed using a higher-order integration
method and very fast sample rates. However, real-
world implemented control systems are inherently dis-
crete. Additionally, it is common for the actuator con-
troller to operate at a considerably higher frequency
than the flight controller. In the following section, the
impact of the system discretisation is analysed, with a
focus on the effects of differing update rates between
the actuator controller and the flight controller. For
this analysis, the discrete actuator controller is set to
10000 Hz, whilst the flight controller update frequency
is varied. According to the LAC approach, the accel-
eration feedback replaces the actuator position con-
trol, which is implemented on the actuator control unit
(ACU). Therefore, the results for this approach are not
affected by the flight controller update rate.

As discussed in point 3) above, for the E-INDI and
ANDI approaches, the inverse of the actuator transfer
function F, is implemented by extending the inverse
with a first-order low-pass filter. Since this filter has to
be realised in a discrete system, the maximum cut-off
frequency is limited by the sampling frequency of the
flight control laws. In this study, a zero-order hold
method has been used to transform the continuous
transfer function into the discrete domain. Assuming a
maximum tolerable discretisation error of 1% in terms
of the Mean Absolute Percentage Error(MAPE), a
required ratio of Feutot/Fy,me > 16.8 can be derived.

Assuming a flight controller frequency of 100 Hz, this
ratio yields a filter cut-off frequency of approximately
6 Hz. The results shown in figure 13, indicate that the
E-INDI and ANDI approaches are able to reach their
steady-states. However, these approaches exhibit
significantly larger overshoots and longer settling
times compared to the other control approaches
analysed. From the figure 13, it can also be observed
that the discretisation introduces a small delay in the
NDI and INDI approaches. However, this delay does
not affect the overall system stability. While stability
is maintained, the discretisation leads to a noticeable
steady-state error (SSE) relative to the continuous
system. The figures presented above also indicate a
small delay in the LAC approach, however, this delay
does not influence the SSE relative to the continuous
system and therefore, the LAC approach remains
robust to the discretisation of the flight controller.

The observed effects in the figure above can be
attributed to two distinct discretisation phenomena.
The first arises from the cut-off frequency of the filter
in the E-INDI and ANDI approaches. The second
effect stems from the delay introduced by the update
rate in the positive feedback signal of the actuator
position. To separate these factors, two parameter
studies were conducted using the E-INDI approach.
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FIG 13. Step response for flight controller update fre-
quency set to 100 Hz and filter cut-off frequency
set to 6 Hz

First, to highlight the effects of varying the filter cut-off
frequency, the flight controller was set to have an
update rate of 4000 Hz and the filter cut-off frequency
was varied from 2 Hz to 4000 Hz. Figure 14 illustrates
the influence of the filter’s cut-off frequency on the
system response compared to the ideal continuous
response (solid red line). At lower cut-off frequen-
cies, the system exhibits a significant deviation from
the continuous response, which is characterised by
longer settling times and large overshoots. This is
because the filter frequency approaches the actuator
dynamics, thus the introduced phase delay affects the
control response. As the cut-off frequency increases,
the system response converges to the ideal response,
with reduced overshoots and faster settling times.
However, increasing the filter frequency further intro-
duces deviations to the ideal profile and an oscillatory
response again, as soon as the cut-off frequency
approaches the sampling frequency. This suggests
there is an optimal range of cut-off frequencies where
the system’s response most closely resembles the
continuous response. To quantitatively assess per-
formance, MAPE was calculated for each cut-off
frequency. A range of filter frequencies of 18.5Hz
to 1600 Hz was determined where the MAPE values
are below 5%. The lower boundary corresponds to a
factor of 216 and the upper boundary corresponds to
a factor of 2.5 relative to the flight controller update
frequency. This analysis highlights that the choice of
filter time constant plays a critical role for the E-INDI
and ANDI approaches, as it can strongly influence the
system performance and stability. In real scenarios,
the possible range to select the filter frequency is
expected to be rather small, since flight controller
update rates are usually chosen in accordance with
the flight mechanical eigenvalues and the actuator dy-
namics are typically much faster. More sophisticated
discretisation methods may weaken this constraint,
however, the principal problem remains.

The second parameter study concerns the update de-
lay of the reference for the incremental control com-
mands. To isolate this impact and distinguish it from
the effect of the previously discussed low-pass filter,
the E-INDI control law has been modified to directly
combine the transfer functions of the desired pseudo-
control dynamics F, and the inverse of the real ac-
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FIG 14. Step response for E-INDI approach with in-
creasing filter cut-off frequency

tuator dynamics Fa;tl (as previously noted, this might
not always be possible beyond the simple example
treated here, depending on the type of control alloca-
tion involved). This results in a proper transfer func-
tion that can be directly realised, eliminating the need
for the additional low-pass filter. However, it should
be noted that this modification cannot be applied to
the ANDI approach due to the presence of the addi-
tional state feedback(C A%x) in its structure. Figure 15
details the results of a parameter study in which the
flight controller update frequency is varied between
10 Hz and 4000 Hz. The solid red line in the figure rep-
resents the ideal continuous response of the E-INDI
approach. As the flight controller update rate is re-
duced, a significant delay and deviation is observed
compared to the continuous system response. Addi-
tionally, a SSE is introduced in the pseudo-control re-
sponse, which increases for lower FCL sample rates.
Furthermore, due to the small steps arising in the feed-
back signal due to the discretisation, higher frequent
signal content is introduced in the response. This dis-
turbance yields the sample rate synchronous oscil-
lation cycles observed, which should not be misun-
derstood as a dynamic oscillation tendency. A mini-
mum flight controller frequency of 400 Hz is required to
achieve a MAPE below 5%, indicating the lower bound
for acceptable tracking accuracy and stability.
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FIG 15. Step response for E-INDI approach with in-
creasing flight controller update frequency

4.2.3. Effect of Model Parameter Variation

In the following section, the robustness of the control
approaches is evaluated with respect to variations
in model parameters. In this analysis, the two flight
dynamics parameters Z, and Z, have been varied.
The controllers originally designed for the nominal
case have been used without modification to control
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the modified systems.

Figures 16 and 17 show the system response to a
step input in vertical acceleration for the five control
approaches: LAC, NDI, INDI, E-INDI and ANDI, un-
der varying flight dynamics parameters. From both
figures, it is evident that the NDI approach is highly
susceptible to model parameter variations. 7, acts as
an additional gain that effectively increases K,,, which
mainly influences the initial response of the system. A
variation of Z,, represents a change in state influence.
7., enters the model-based calculation of 7 in NDI. As
a result, the steady-state tracking error remains more
sensitive to Z, in NDI. From both figures, it is also
observed that model parameter variations lead to a
variation of the steady-state response, however, the
system remains stable.
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FIG 16. System Response to a step input in vertical ac-
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FIG 17. System Response to a step input in vertical ac-
celeration for Z, variation. Solid lines corre-
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to Z, - 2

5. CONCLUSION

For a simple, linear example, we have shown that the
NDI, INDI, E-INDI and LAC yield the same control
law when parameters are chosen appropriately. This
is remarkable since the approaches originate from
very different perspectives - while the LAC approach
is derived from a linear assessment involving a basis
change in the unified state-space comprising ac-
tuator and flight dynamics states, the other control
approaches are driven by the intention to compensate
for non-linear behaviour of the control plant and
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improve control allocation. This result suggests that
the LAC approach shares the intrinsic ability to com-
pensate non-linear system behaviour. However, this
has to be confirmed by exploring more sophisticated
models in the non-linear domain.

The equivalency between NDI and the other ap-
proaches holds only as long as an ideal model is
used for the inversion. The point made by the INDI
method is to replace the model-based computation of
the actual pseudo-control by direct measurements of
input and state derivatives, which is known to improve
robustness and disturbance suppression significantly.
The same advantage is shared not only by E-INDI
and ANDI but notably also by LAC.

Since the NDI and INDI approaches do not account
for actuator dynamics, they follow the pseudo-control
reference with the natural dynamics of the actuators.
This flaw is tackled by E-INDI, which allows us to
specify a desired pseudo-control dynamics inde-
pendent of the natural actuator dynamics, which is
especially useful, if multiple actuators with different
characteristics are involved in the control allocation.
This is essentially realised by inverting the natural
actuator dynamics and replacing it with a desired one.
We have shown that the same effect may be achieved
with LAC, but since it is an actuator control law, the
gains can be changed directly.

The ANDI approach, however, sets itself apart, since
it represents an exact inversion law comprising also
the actuator dynamics. This is not considered by
classical NDI and therefore, introduces a flight state
influence on the pseudo-control dynamics for all other
approaches.

The observed equivalency between (E-)INDI and
LAC relies on the fact that all INDI based approaches
- owing to their incremental nature - involve a positive
feedback of the actuator position. On the other hand,
known actuator controllers compensate a position
error, which involves a negative feedback of the actu-
ator position. Although realised in different hardware
units, both counteracting feedback loops would ide-
ally cancel. However, the elimination of the actuator
position feedback is exactly the key feature of LAC.
Therefore, the LAC approach may also be understood
as "E-INDI across hardware units" [5] and vice versa.

For real implementations, it makes a difference
whether the effect is achieved by inversion (imple-
mented in the FCC) or a direct modification of actuator
control (implemented in the ACU). Our study high-
lights that any deviation between the counter-acting
signals which will arise from imperfect measurements,
estimations or communication delay, will deteriorate
the control performance. Asynchronism due to mea-
surement or processing delays has been identified
most critical for stability, while stationary or random
errors will decrease accuracy but leave system dy-
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namics unaffected. Furthermore, the inversion of
actuator dynamics requires non-causal behaviour
to be approximated by filters. We have shown that
contradicting constraints leave a very narrow band to
choose those filter frequencies from, thus posing high
requirements on the FCL sampling rate.

Depending on the type of actuation system, there
might be some inner dynamics resulting from physical
effects rather than being imposed by actuator control
or an adaptation of actuator control is not justifiable
for commercial reasons. In those cases, (E-)INDI
and ANDI are viable and promising options, as long
as update rates and delays are planned with care.
However, since all these incremental approaches do
effectively control actuator dynamics and are active
in the respective higher frequency band, it makes
most sense to implement them in an actuator control
unit, providing lower lag times and adequate sample
rates. Furthermore, as it is questionable to invert
a dynamics, which had been intentionally designed
beforehand, any attempt to should be made to modify
the actuator controller directly, no matter if we call it
LAC or E-INDI across hardware units.

Contact address:

sutej.singh@tu-berlin.de
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Appendix

A. LAC DERIVATION

The difference between the classical approach and
the LAC approach is visualised in figure 18.

Flight
Dynamics

Flight
Dynamics

b) Local Acceleration Control

FIG 18. Block diagrams of the classical (a) and LAC (b)
approaches, adapted from [3]

The LAC approach has been designed to match the
performance of the classical control approach. For
the design of the LAC approach Meyer-Briigel and
Silvestre formulated the transfer functions for both
approaches and compared the terms to calculate the
controller gains for the LAC approach [3]. For the
classical approach, the transfer function GC'aSS(s) is
defined as:

(49)
Golass _ ZuKp
hhe st + (Za + Ku)53 + (Za Ky + K?L)SQ ’
+ (KuZo — ZuK})s — Zu K
where
K
K?'l, = tKIﬁ,7 Ku = KﬂK{um
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Kh _ K Kclass

K, = K,K,;, lass

K,, = 0.0lradsm™" and K¢ = 10s~'. For the

LAC approach, the transfer function is expressed as:

(50)
Gaccel _ ZuKh
hhe (54 + (Zo + K0)$® + (Zo Ky — Z,Kj) s>
+ (ZuK}'L)S — ZuKh
where
K;
Kit = 7 Khu Kh = K’llKu}iv
|
K, = K; K, Kj =K, K*®,

When comparing the transfer functions of the clas-
sical approach (Eq. 49) and the LAC approach
(Eqg. 50), the differences lie in the zeroth-, first-, and
second-order terms of the transfer function denomi-
nator. Equating the second-order terms, the following
feedback gain K ; is determined:

KiZo — ZuK;, = ZoKa + Ky,
o 2 KoK = KoK,
1
(51) = Kuii:—ZKuu

The feedback gain Kj; is obtained by equating the
first-order terms and inserting equation 51 as follows:

_ g accel _ 7 7 prclass
u h - u « u h b)
Z
accel __ class [¢]
= K = KR — K
Zo
= K"KuhKhh = KuKuuKuh — KﬂKﬂuZ’
(eq.51) Zo
:> KuuKhh = KuuK Kz’ui?a
u
(52) = | Kyjy = =2k j, + Za

Lastly, comparing the zeroth-order terms of both
transfer functions, an expression of the feedback gain
K2l is calculated as:

Z Kaccel
|
K K Kthacce ,

Zo Kclass _
= KKK, K{2° =

class __ ... graccel
:> KuuKuhKhh — ZKﬂuKthhh 5
—1
| |
= KiKG™ = - K K557
—ZUK _Kc;lass
Feaccel _ ‘“““uh” " hh A
©9 M K,

The block diagrams in figure 18 are used to derive
the control laws for both the classical and LAC ap-
proaches. In contrast to the classical approach, the
LAC approach does not directly command an actua-
tor position, but rather an actuator speed. Therefore,
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both control laws are formulated in terms of the com-
manded actuator speed u.. The control law for the
classical approach is given by:

7-.[’6 = (uc - U)Kﬁua

= Ue = ((hc - h)Kuh o u) K,

(54) = | i, = (((h — ) Kass h) Kan — u) K

The control law for the LAC approach can be ex-
pressed as follows:

’l:LC = (hC - h’)Kuh7
= U = ((ﬁc — ) K, — h) K

u

(68) |t = (((he — WKEE i) Ky — ) K |

Figure 19 presents the system responses of a step
altitude command for both the classical and LAC
approaches. The identical performance of both
approaches observed in the figure validates the
feedback gains calculated above.
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FIG 19. Step response for the classical and LAC ap-
proaches
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