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Abstract

This paper presents an efficient methodology for improving an existing legacy controller for the MIDIARTIS, a very
agile 10 kg rotorcraft Unmanned Aerial Vehicle (UAV) by leveraging the same legacy controller as a basis for system
identification flight tests. The legacy autopilot was modified to enable the injection of system identification signals
into the control reference values and to actuator signals during flight. This allowed the excitation of low, middle and
high frequencies of the rotorcraft UAV with an active controller stabilizing the UAV either in hover condition or on a
trajectory during forward flight. The resulting data was then used to identify a physical 9-degrees of freedom model,
accounting for rotor flapping and engine states. Based on this model, an improved flight controller was developed
which is shown to greatly improve agility and precision of the rotorcraft UAV.

NOTATION

az,ay,a,  linear accelerations, m/s?
a,b,c feedforward filter parameters
A,B,C,D state-space matrices

e controller error

g gravity constant, m/s?
kp,kr,kp  PID controller gains

D,q,T angular rates, rad/s

s laplace variable

U, V, W aircraft-fixed airspeed components, m/s

u, T, Y control, state, and output vector

z discrete-time laplace variable

Bie, Bis longitudinal/lateral tip-path-plane flap-
ping angle, rad

Oy 0y longitudinal/lateral cyclic controls, %

Op, 00 pedal and collective controls, %

0,0, attitude angles, rad

A outer loop command vector

Ty flapping time constant, s

Ts sampling time, s

w angular velocity, rad/s

Wn, natural frequency, rad/s

¢ damping constant
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TC turn coordination

DoF Degrees of Freedom
GCS Ground Control Station
GBN Generalized Binary Noise
JIO Joint Input-Output

UAV Unmanned Aerial Vehicle
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1. INTRODUCTION

Increased automation tendencies for manned and un-
manned helicopters including automatic and precise
slung load positioning, aerial refueling, or automated
landings on moving platforms, pose a significant chal-
lenge for the flight control systems of these vehicles. All
these applications demand precise and fast control re-
sponses to successfully complete the tasks.

A very popular approach for flight control algorithms
used in many integrated autopilot systems, is the use
of a cascaded flight control structure. The faster rota-
tional dynamics are handled by an inner feedback loop
which receives command values from an outer loop, de-
signed for handling the slower, for example, translational,
dynamics. Cascaded flight controllers offer a clear struc-
ture, high flexibility and can be easily adapted to imple-
ment different flight command modes such as Attitude
Command / Attitude Hold (ACAH), Translational Rate
Command (TRC), etc. and are well proven in countless
applications [1, p. 322], [2, 3]. Additionally, the cascaded
control system can be easily hand-tuned without exten-
sive experience, which further motivates the usage of
this control setup in real-world scenarios.

A good example is the popular Pixhawk PX4 autopilot
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control software, which was also used for the work of this
paper. The PX4 autopilot uses this control structure for
different vehicle types such as various aerial marine and
land vehicles [3]. However, due to the underlying time
separation principle, which states that the inner loop has
to be significantly faster than the outer loop, the over-
all dynamics of the complete controller is limited by the
performance of the inner loop.

This can be a significant problem if the performance of
the existing autopilot is insufficient for the required task
or, if new outer loop modes shall be implemented that
require higher accuracy, control bandwidth or a better
disturbance rejection of the existing inner loop. In this
case, it is important to realize that the existing controller
is not a liability but rather an advantage in retuning or
redesigning a controller with improved performance.

To illustrate this point, this paper shows the design pro-
cess of redesigning an existing flight controller by lever-
aging the existing controller to assist in the identifica-
tion of accurate system models using the example of
the MIDIARTIS UAV. This paper is structured as fol-
lows: First, the MIDIARTIS UAV, its legacy flight con-
troller and its modification for system identification pur-
poses are presented as well as the associated flight
tests. Then, the system identification methodology and
the (re)-design of the improved inner loop flight control
structure are described. The paper concludes with the
validation of the improved controller

2. EXPERIMENTAL SETUP

The experiment consists of the MIDIARTIS vehicle and
the ground control infrastructure, both of which were
modified to enable flight tests for system identification.
This section will describe the base system and their
modification.

2.1. MIDIARTIS

The MIDIARTIS flight test vehicle, shown in Figure 1,
is a compact and easy to operate battery-electric single
main rotor helicopter drone with a weight of about 10 kg
offering exceptional agility as it is a converted aerobatic
radio-controlled helicopter.

The MIDIARTIS is configured as dual-bladed main ro-
tor with additional Bell-Hiller flybars and conventional
tail rotor. The flybars consist of aerodynamically active
paddles which serve as a mechanical link between the
swashplate and the main rotor. Conclusion of [2] on data
provided in [4] are that the paddles introduce a stabiliz-
ing effect at low frequency dynamics, which increases
the phase margin for pilot inputs in the crossover fre-
quency range. Furthermore, flybars are of considerable
weight, producing a gyroscopic effect which further sta-
bilizes the rotor disc against wind gusts and turbulence.
Side-effects are an increased response time constant

Figure 1: The MIDIARTIS flight test vehicle

of the rotor reducing the damping of coupled fuselage
and rotor-flap dynamics. The MIDIARTIS has been con-
verted to a research testbed for the purpose of low-cost
data generation for system identification, demonstration
of novel flight control and autonomy architectures en-
abling dynamic highly automated missions.

The original PX4 flight control software used for MIDIAR-
TIS flight tests has been modified to accommodate a
custom cascaded flight control structure displayed in Fig-
ure 2. The legacy flight control architecture consists of a
total of three PID-cascades, first an outer loop which im-
plements a position hold or velocity hold/path following
mode depending on user selection, then an angle-loop
and finally an angular velocity feedback-loop. The PID-
parameters of the complete feedback controller setup
were tuned based on a preliminary linear system iden-
tification model of the MIDIARTIS in hover condition and
were then fine-tuned by hand in flight. This control struc-
ture and tuning proved to be robust as it was able to
reliably stabilize the MIDIARTIS from hover up to 25 m/s
forward velocity with one set of controller gains. How-
ever, this controller did not provide the needed close-
loop performance for highly agile operations, concern-
ing bandwidth and tracking accuracy with a rise times to
angle step commands of tgg &~ 1s and a position hold
accuracy in hover of around 1 m. Therefore, this flight
controller was deemed to be very robust but too inac-
curate for challenging tasks such as precision landings
etc.. Further analysis has shown that the shortcoming
is mainly attributed to the inner loop cascade being too
slow and unable to handle quicker commands from the
outer loops.

For the flight tests described in this paper, the legacy
flight controller and the ground control software were
modified such that excitation signals can be added to
the control loop at several points, either under manual or
under automatic control, depending on the type of signal
selected. These signals are marked in red in Figure 2.

The following types of system identification excitation
signals can be injected, either right before the actuator,
or at the actuator and command input combined:
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Figure 2: Structure of the legacy controller (system identification signals are marked in red with the subscript s1p)

1. Single steps,

. Doublets,

. (Modified) 3-2-1-1 and 2-3-1-1 multi-steps,
. Generalized Binary Noise (GBN) signals,

. Frequency sweeps.

Single step, doublets, and modified 3-2-1-1 respec-
tively 2-3-1-1 excitation signals are relatively short inputs
which switch back and forth between two levels, com-
monly used for a short excitation of a vehicle. Frequency
sweeps are the standard excitation signal for system
identification with a duration between about 10s and
120 s depending on the slowest eigenvalue of the sys-
tem to be identified [5]. They are single axis sinusoidal
excitation signals which rise or fall in frequency during
their engagement. GBN input signals are computer-
generated signals switching randomly between two spe-
cific signal levels to excite the system in a dedicated fre-
quency range [6]. Independent GBN signals are well-
suited for multi-axis excitation.

a b~ wWN

2.2. Ground Control Station

An instrumental part of the flight test setup is the
modified Ground Control Station (GCS). For this, the
QGroundControl (QGC) open-source software was used
employing the Mavlink protocol to interface open-source
autopilots like PX4 and Ardupilot [7]. The QGC user in-
terface is designed to access high-level autopilot func-
tions used for compiling complex missions and triggering
automated vehicle functions.

However, the system identification methodology as pro-
posed in this paper requires additional user interfaces to
easily access and modify the system identification con-
trol loops and to increase the overall transparency of the
autopilot system as the control algorithms themselves
are newly designed.

The focus of the user interface extensions lies on fast
modification of the maneuver used for identification,
which includes the choice of the system excitation signal
(e.g. steps or sweeps), the control axis, as well as their
parametrization (e.g. times or frequencies, and ampli-
tudes).

The quick access ensures an optimal use of the limited
flight time of the MIDIARTIS and allows to complete a set

of desired maneuvers under uniform environmental and
flight conditions. Figure 3 shows the implemented GUI,;
an additional side window consisting of buttons, sliders,
and textfields to modify a system identification maneu-
ver. It furthermore features a system identification timer
to provide feedback on the duration of flown maneuver.

Payload Mission
Sysldent

A
X Y HDG Height
1D Mode ID Length (s): 1
OSingIe Step Abs. Amplitude (%): 0
ODDubIette Rel. Amplitude 1[-2,2]: |08
Rel. Amplitude 2 [-2,2]: |-1.2
(O3z211
Rel. Amplitude 3[-2,2]: | 1.1
02'3'1'1 Rel. Amplitude 4 [-2,2]: |-1.1
OGBN "o
Ident Ident
() Sween L

Figure 3: QGC GUI for selecting system identification
mode and parameters

Real-time data of vehicle dynamics can also be ob-
served in a separate window, providing a fully config-
urable set of time-series plots for any recurring status
information received from the UAV including scaling as
well as a data cursor and a stop button to freeze the
graphs allowing deeper analysis of some data.

3. SYSTEM IDENTIFICATION

A series of system identification flight tests were exe-
cuted in September of 2024 over the span of four sepa-
rate days with a total flight time of around 3h. The goal
was to generate data for system identification and model
validation in hover condition, 10 m/s and 20 m/s forward
flight.

3.1. Flight tests

For the system identification of the MIDIARTIS, three
types of excitation signals were used:
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* Modified 2-3-1-1 signals,
* Frequency sweeps,
» Generalized Binary Noise (GBN).

The multi-step excitation signals were injected for the
purpose of bare-airframe model validation, and were ac-
tivated without active flight controller. The fundamental
time interval At of the 2-3-1-1 signal has to be chosen
such that the frequency range of interest is excited (see
ch. 2 of [8]). Due to the fast eigendynamics of the
midiARTIS, a value of At = 0.5 s was chosen, resulting
in an overall length of 3.5 s for the whole maneuver. Only
a basic stability augmentation in form of a Pl-controller
stabilizing the yaw rate r was active during these maneu-
vers to reduce the workload for the safety pilot. Other
axes did not have to be stabilized as the flybar system
offers natural stability for the pitch and roll axis. Thus,
the MIDIARTIS was controlled by the safety pilot during
these tests. Consequently, only the actuator injection
point inputs dsip as marked in Figure 2 are active dur-
ing the activation of these signals. The safety pilot was
instructed to fly the aircraft in trim condition and to avoid
any manual inputs during the excitation.

GBN and sweep signals on the other hand are injected
for a length of up to 100s. This long activation dura-
tion poses a challenge at higher speeds, as the vehicle
quickly leaves the range where the pilot is able to effec-
tively control the vehicle. E.g. if at a speed of 20m/s
the excitation signal duration is 100 s, the vehicle cov-
ers a distance of around 2km during the engagement
of the excitation signal. If this distance is flown in a
straight line, the safety pilot cannot observer nor con-
trol the vehicle over the complete trajectory of the vehi-
cle without additional help. It was therefore decided to
fly the longer system identification signals with activated
legacy controller. The controller stabilized the MIDIAR-
TIS on a racetrack course and performed the system
identification maneuvers (e.g. GBN and sweep inputs)
automatically with the autopilot engaged. This method
offers the advantage that the pilot only supervises the
flight during system excitation which increases accuracy
and repeatability of the flight data while limiting the max-
imum distance to the vehicle.

The actuator injection signals
T
(1) bsip = (62,810 OysiD OpsiD  G0,8ID)

are used to excite the mid- to high-frequency vehicle dy-
namics. On the other hand, the command signals in po-
sition hold mode

T
(2) Asip = (zsip ysip ¥sip hsip)

or in trajectory following mode

®3) Asip = (ysip Ve ¥sip hSID)T

respectively cover the low-frequency dynamics as
low-frequency (input) disturbances are generally well-
suppressed by the active flight controller. Note that the

signals Agip are added to the standard reference values
A.of commanded to the outer loop as shown in Figure 2.

The advantage of GBN inputs is that these can be eas-
ily used to excite all axis simultaneously which leads
to significantly reduced flight test time compared to fre-
quency sweep inputs, as these only excite one axis at a
time which quadruples necessary flight test time. This
test methodology has been successfully used in sys-
tem identification flight tests in the past for example on
the larger SUPERARTIS testbed [9]. An exemplary set
of plots for GBN excitation during one flight with en-
gaged autopilot flying the MIDIARTIS on a racetrack at
10 m/s and 20 m/s can be found in Figure 4. During the
shown flight, GBN excitation of 100 s duration was acti-
vated at t=310s, 4455, and 630s. The GBN excitation
of the speed command V¢ is well visible in the plot, as
the commanded velocity switches randomly between the
aforementioned two levels.

This approach of generating system identification data
proved to be highly successful, as the workload for the
safety pilot and the monitoring flight engineers were min-
imal. After triggering either the GBN or sweep excita-
tion, the vehicle automatically hovers or follows its pro-
grammed path at the speed set by the ground operators
without any intervention required, which made it possi-
ble to perform several identification tests during one sor-
tie. After preliminary evaluation of the data, the GBN
excitation was deemed to be favourable as it allows the
simultaneous excitation of all axes in contrast to single
axis sweeps. While in theory it is possible to implement
sweeps which also excite all axis simultaneously, such
multi-axis sweeps require careful engineering to elimi-
nate undesired cross correlations between the axes.

3.2. Frequency Response Generation

Frequency responses form the database for an identifi-
cation with the frequency response method. For iden-
tification with other methods, frequency responses are
used to assess model fidelity in the frequency domain.
Frequency responses are usually generated from fre-
quency sweep excitation maneuvers but can also be
generated from maneuvers with GBN excitation.

In general, the frequency response matrix H(jw) of a
Multi-Input/Multi-Output (MIMO) system is calculated as

. Y, . 1. .
@ HGw) = [L(w)] = Gl ()G w)
where G, is the matrix of auto- and cross-spectra be-
tween the control inputs and G, are the cross-spectra
between the control inputs v and the outputs y (see
chapter 9 of [5]).

When high correlation exists between the control inputs
u (e.g. due to controller crossfeed), the matrix G, will
be nearly singular and cannot be inverted. Ref. [5] gives
the following guideline for the average cross-control co-
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Figure 4: Flight data of the MIDIARTIS with GBN excitation during forward flight on a racetrack

herence +7, ,,, under which the matrix inversion in (4)
can be performed:

(5) (Vo) e <05 for k1.

If (5) is not satisfied but the average secondary au-
tospectra G, ., are small compared with the average
primary autospectrum G, v, ,

6) (Gupsur)ave = (Gupur ) e < —20dB - for £ #1

then the secondary input can be ignored and the Single-
Input/Single-Output (SISO) solution for the frequency re-
sponse can be used.

In case of the midiARTIS, the built-in stability augmenta-
tion of the yaw axis in the legacy flight control system is
always active when the UAV is controlled by the safety
pilot. The effect of this stabilization is shown in Figure 5
for some 2-3-1-1 multistep inputs.

Since all maneuvers for system identification were flown
either with manual stabilization or with active control sys-
tem, the above mentioned conditions had to be checked
before the frequency response generation could be per-
formed. Figure 6 shows that high correlation exists be-
tween §p and ¢, and that the difference in amplitude for
the autospectra is also small. For §, and 4, as well as
dop and ¢, the cross correlation is near the limit. All other
control signal combinations are uncritical and thus not
shown in the figure.

Thus, the desired bare-airframe frequency responses
could not be determined directly from the sweep maneu-
vers, but the Joint Input-Output (JIO) method from [10]
had to be used to calculate a valid frequency response
matrix. This method requires a set of uncorrelated con-
trol inputs for which the commanded system identifica-
tion control inputs (0, s1D, dy,81D, Ip,S1D, d0,s1D) could be
used. No critical cross correlations were present for the
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Figure 5: Commanded system identification controls
and resulting actuator commands

GBN maneuvers, so that the use of the JIO method was
not necessary for these tests.

Figure 7 shows the difference in the resulting frequency
response for /5, when the response is either calcu-
lated directly or when using the JIO method. The direct
calculation leads to smaller amplitude and very volatile
phase values. For comparison, the figure also includes
the frequency response that results from the maneu-
vers with GBN excitation. It can be seen that the fre-
quency response generated from the sweeps using the
JIO method compared very well to the frequency re-
sponse from the GBN maneuvers.

3.3. Modeling

It had been planned to perform the system identifica-
tion with the frequency response method based on the
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generated frequency responses. As only frequency re-
sponses from GBN maneuvers were available in forward
flight, the responses from the GBN maneuvers were also
used in hover for comparability. As the frequency re-
sponses showed only small variation with speed, the
same model structure could be used for hover and for-
ward flight.

As the on-axis responses for pitch and roll rate (¢/d, and
p/é,) showed a phase drop of 40 dB/decade, second-
order dynamics were required and thus flapping had to
be accounted for. The on-axis response in yaw rate had
a phase drop of 20 dB/decade so that the standard 6-
Degrees of Freedom (DoF) formulation was sufficient.
Accounting for inflow and coning was not necessary as
the frequency response of vertical acceleration due to
collective (a,/dy) showed no rise in amplitude at higher
frequencies.

Flapping was modeled using the explicit formulation from
chapter 15 of [5] where the regressive flapping is mod-

eled by two coupled equations for the flapping angles

7_fﬂlls = - 513 + T+ Lfﬁln/Blc
+ Lféméar + Lféy(sy

TBre = — Bic + Trq + Mfs,, B
+ Mféz(sx + MfSy(Sy

where ;. and ;s denote the longitudinal and lateral
flapping of the tip-path plane.

The flapping angles are coupled to the rigid body via

i =X,u+ X,v+ Xyw — woqg + (X +vo)r
—gcosbot + X, B1c + Xs,0p + Xs,00
0 =Yu+ Yyu + Yyw + wep + (Y — uo)r
+gcosbop + Yg,, Bis + Y5,0, + Ys5,00
p=Lyu+ L,v+ L,w+ Lr+ Lg, f1s
+ Ls,6p + Lsy 00
¢ =Myu+ Myv + Myw + M,r + Mg, Bi.
+ M, 6, + Ms, 0o

where the force stiffness terms are constrained to
Xﬁlu = _Yﬁls =g

The equations for vertical velocity and yaw rate are those
of a 6-DOF model

W =Zyu+ Zyv + Zyw + Zpp+ (Zg + wo)g + Zpr
O gsinb00 + 25,6, + Z5,0, + Zs,0p + Zsy00
7 =Nyu + Nyv + Nyw + Npp + Nyg + N,
+ N5, 6 + N5, 6, + Ns,0p + N5, o

First, the on-axis responses (p/d,, ¢/05, /6, and a. /&)
were identified using this model structure. The resulting
match is shown in Figure 8 for the hover case.

Further evaluation showed that the coherence of the
cross-axis frequency responses was not sufficient for de-
termining all important coupling derivatives. Thus, the
identification approach was modified such that the on-
axis parameters that had been identified in the frequency
domain were fixed and the remaining parameters then
identified in the time domain using the 2-3-1-1 multistep
input maneuvers.

Analyzing the achieved match in the frequency domain
showed that the phase drop in roll rate due to collective
was too small. This deficit is usually an indication for
unmodeled engine dynamics. Consequently, the model
structure was enhanced in the yaw axis by a first-order
Padé approximation of a time delay in collective to ap-
proximate engine dynamics as suggested in chapter 15
of [5]. Figure 9 shows the achieved match of the en-
hanced model in the time domain for the hover case. It
can be seen that all coupling responses are modeled
sufficiently.
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4. CONTROLLER DESIGN

To improve the performance of the existing controller, a
redesign of the inner control loop was performed based
on the identified system models from section 3. The sys-
tem identification resulted in a total of three linear system
models each describing the dynamics of the MIDIARTIS
at a different airspeed: at hover, 10 m/s and 20 m/s. The
goal was to design a controller capable of achieving a
higher performance while maintaining good robustness
to sensor noise and model errors. For simplicity, no gain
scheduling or similar techniques should be employed.
The improved inner-loop control structure consists of
four controllers, each dedicated to one control axis. The
four controls 4, d,, d,, and &, are mapped to the vari-
ables 6, ¢, ¥, and h. The control structure for pitch and
roll control is displayed in Figure 11a and consists of four
key parts:

1. A command filter for generating reference com-
mands,

2. A PID-feedback structure to handle control errors,

3. Afeedforward transfer function to generate a nominal
input and increase bandwidth/responsiveness,

4. A notch filter for cancelling the rotor flapping poles.

The command filter is a second-order filter with the (con-

tinuous) transfer function

2
Wn

24wy -C-s+w?

(10) CM(s) =
generating angle and angular velocity reference com-
mands for the feedforward and feedback portion of the
controller. The filter was implemented as a discrete-time
filter. The damping of the second-order system was cho-
sen to be ¢ = 1. The natural frequency w,, was set by
the user during the numerical tuning phase, as a com-
promise between agility and available control authority.
The natural frequency w,, of the command filter is not
tunable in the sense that the employed optimizer is not
free to tune this variable, but has to be specified by the
user before optimization. This process will be further de-
scribed later in the paper. The chosen parameters are
summarized in table 2.

Turn coordination reference values (wrp¢) originating
from the outer loop, are added to the angular velocity
reference values generated by the command filter before
being fed to the feedforward filter and the PID feedback
structure. The PID controller uses angular velocity pro-
portional feedback, angle error proportional, and angle
error integral feedback. For example, in the lateral axis,
the PID controller takes the form

T
dy o =kp-eo+kr-——3-es+kp-ep

(11)

with kp, k;, and kp being the PID gains and T the sam-
pling time of the controller. Furthermore, an anti-windup
structure in the form of back-calculation is implemented

to prevent integrator windup in case of actuator satura-
tion [11, p. 83].
The feedforward filter is realized as a discrete transfer
function with three tuning parameters a, b and c of the
form
cC-zZ—a-cC

z—>b
which is able to emulate a discrete low- or highpass filter.

Last but not least, notch or pole cancellation filters were
employed for the roll and pitch axis in order to approx-
imately cancel the weakly damped body-roll/rotor-flap
and body-pitch/rotor-flap poles visible in the pole-zero
map in Figure 10. These filters can be represented as
(s+n)(s—n)

(s —p)?
in continuous form with zeros n and poles p. This com-
pensation is absolutely critical especially in roll, as oth-
erwise the body-roll/rotor-flap pole would have a severe
impact on the response of the controller leading to an
undesirable weakly damped oscillation in the attitude re-
sponse. Both notch filters, for roll and pitch, were man-
ually designed to approximately cancel the coupled flap-
ping poles. As can be seen in Figure 10, these poles
hardly change with speed, so a single notch filter for
each axis was sufficient. In order to achieve a causal
filter, the poles p of the notch filters were chosen to be at
-30. Notch filters are often used in such situation, e.g. in
[12] where a notch filter was used to dampen resonance
dynamics between rotor, stabilizer and fuselage.

40—

(12) FF(z) =

(13) C(s) =

0.32 022 014 007 35
0.42 Roll flapping
30 modes 5{ - 30
R / """ 25
& 0.56 Notch filters
& 20
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® o074 Pich flapping "< 19
E modes . % - 10
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Figure 10: Pole-zero map of MIDIARTIS and position of
notch filter

The control structure for the yaw controller is the same
as for the roll and pitch controller, however a notch filter is
not needed for this axis, as the yaw motion is not coupled
with rotor flapping.

The heave control structure is displayed in Figure 11b
and largely follows the same form as that of the angle
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Table 1: Optimization goals for the controller tuning

Hard goals
Phase margin 6dB
Gain margin 45°
i HF: 5dB
Sensitivity LF: —21 2dB
Max. gain of feedforward 29.5dB
Soft goals
Nominal step tracking See table 2

controllers. A second-order command filter is employed
to generate a reference rate-of-climb velocity command
which is used in a feedback structure in the form of a PI
controller as well as a feedforward filter of the same form
as (12).

The resulting inner loop control structure contains a total
of 23 parameters for the feedback and feedforward con-
trollers of the four axes. These parameters were tuned
using methods of robust control by utilizing the MATLAB
function systune [13] to satisfy a number of design re-
quirements (or goals) that are summarized in table 1.
The hard goals for gain and phase margin as well as sen-
sitivity shall ensure adequate robustness against mod-
elling errors and sensor noise. Additionally, the feed-
forward transfer functions in (12) were constrained to
contain less control authority than approximately 30% of
control input for a step input of 1 rad.

Furthermore, a soft goal for step tracking was introduced
which governed that the output of each target control
variable (6, ¢, 1) and h) follows the commanded signal
as specified by a second-order system. Please note that
the targeted response for each axis of the completed
controller (set through the soft goal) was specified to
be the same as that of the respective command filters.
Therefore the same reference dynamic was used for the
soft goal for step tracking as that for the command filter.

This approach allowed to iteratively tune the desired re-
sponse time of the controller to balance available control
authority and response quickness by simply increasing
or decreasing the eigenfrequency of the second-order
system governing both, the command filters and their
respective soft tuning goal for step tracking. Thus, a
compromise can be found by increasing/decreasing re-
sponse time and therefore decreasing/increasing control
authority until an optimum is reached. As the goal of
this controller design was to enable maximum agility, the
eigenfrequency was chosen as high as possible until all
available control authority was used for a step input of
around 30°. For the heave axis, an equally agile re-
sponse was fine-tuned. The parameters of the various
second-order systems used in the command filters (and
therefore the desired step responses used as soft tuning
goal) are shown in table 2.

Table 2: Parameters for command filters and nominal
step tracking soft tuning goals

Axis w [HZ] C [-] tg() [S]
Roll 1.3 1 0.49
Pitch 1.3 1 0.49
Yaw 1.5 1 0.42
Heave 0.8 1 0.79

This architecture borrows on the Explicit Model Follow-
ing (EMF) control concept e.g. of [14] which typically
involves the inversion of the nominal system model for
feedforward control. In this paper, the architecture is
a simplified version of this concept by using axis-wise
command models in conjunction with a first-order feed-
forward control filter. Due to the optimization-based ap-
proach for designing the various gains of this architec-
ture, a single set of parameters is sufficient to stabilize
the complete flight envelope while still delivering a high
degree of performance.

The entire flight control system was implemented as a
discrete control system in MATLAB/Simulink with a sam-
pling rate of 100 Hz. In order to test the completed con-
trol system, a quasi-nonlinear stitched simulation frame-
work [15] based on the identified linear models from sec-
tion 3 was implemented. After being validated in this sim-
ulation, the controller was autocoded as a C/C++ module
compatible with the Pixhawk PX4 autopilot system and
uploaded to the flight controller hardware before being
flight tested. The resulting controller validation is dis-
cussed in the following section.

5. CONTROLLER VALIDATION

Flight tests were conducted to evaluate and validate the
performance of the designed inner-loop flight controller
and its impact on the outer-loop modes. The tests were
conducted during a calm day with wind speed around
3m/s to 4m/s. The initial condition was a stabilized
hover, achieved by manually commanding ¢yet = Oret =
2° which roughly correspond to the hover trim attitude.
Subsequently, two doublet inputs in roll and pitch with
an amplitude of +5°and +15°, and a step duration of
1s, were commanded. During the doublets, all axes of
the controller were active. The resulting angles, rates
and control inputs are shown in Figure 12a and 12b for
the pitch and roll axis. Note that both the angle and
rate measurements are subject to an oscillation stem-
ming from the main rotor’s 1/rev coupling into the fuse-
lage with ~21Hz, which persists in the data. While a
low-pass filter is implemented in the sensor feedback of
the Pixhawk autopilot, it was not parameterized to filter
out the 1/rev rotor oscillation.

As can be seen in these plots, the MIDIARTIS fol-
lows these step commands quickly and accurately. The
high-gain feedback also guarantees low deviation from
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Figure 11: Improved inner loop control structure
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Figure 12: Command doublette responses of the new inner-loop controller in hover condition

the setpoints with angle deviations well below eg\ey <
+0.5°. The achieved rise time in the roll axis over all six
steps is around t9p ~ 0.47 s and in the pitch axis tgg ~
0.52 s, which is close to the designed values as outlined
in table 2. Also visible is that in both axis, the input is
completely saturated for a setpoint step of 30°, however
the pitch axis is saturated slightly longer compared to the

roll axis. Both of these results show that the MIDIARTIS
is more agile in the roll axis than in the pitch axis, which
is expected due to its higher inertia in that axis.

However, especially in the roll axis shown in Figure 12b
some oscillation with a frequency of ~ 4.5 Hz are still vis-
ible, indicating that the roll/flapping oscillation could not
be entirely eliminated. This may stem from a improp-
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erly identified flapping eigenvalue, or more likely, from
an improper pole-zero cancellation due to the approxi-
mate placement of the notch filter. While this slight roll
oscillation would very likely be a problem for a manned
rotorcraft, it is acceptable for this controller design.

The identified linear system models include cross cou-
pling as indicated in egs. (7) to (9), which are not ac-
counted for in this control system architecture or con-
troller design. This shortcoming shall be addressed in
the future. Another noticeable effect is the actuator ac-
tivity which shows the aforementioned 1/rev oscillation.
This is certainly an undesirable effect which can lead to
increased actuator wear and shall be eliminated in the
future as well.

The improved design of the inner-loop flight controller
also has significant impact on the performance of the
outer-loop flight controllers. It could be shown that the
improved response time of the inner loop allows retuning
of the outer loop to significantly improve performance of
both the position hold and trajectory-following loop. In
this specific application, a hover hold accuracy of ap-
proximately 5cm in x- and y-direction could be achieved
during a flight tests, illustrating the improvement made
with this controller.

6. CONCLUSIONS

The presented approach for improving a legacy flight
controller of the MIDIARTIS UAV by employing system
identification, proved to be highly successful.

1. Leveraging the legacy flight controller for system
identification flight tests in conjunction with GBN
system excitation inputs bears several advantages:
Flight tests can be performed much faster, when
compared to more traditional single-axis open-loop
sweep inputs, as the GBN excitation simultaneously
excites all axes which enables the execution of the
complete system identification inputs in one long run.

2. Furthermore, by using the legacy controller to stabi-
lize the aircraft during system identification, the in-
fluence of a human pilot is removed, resulting in a
more accurate and repeatable behaviour of the ve-
hicle, lowering workload, and further increasing effi-
ciency of the flight test. It should be noticed, how-
ever, that the validation signals in form of modified
2-3-1-1 inputs were still flown manually. Because of
the short duration of these signals, this was a small
factor in overall flight test time, still demanding a high
level of attention. In conclusion, it can be said that
the GBN excitation proved to be easy to implement
and highly efficient in flight testing.

3. After data collection and system identification, the
resulting linear systems could be successfully em-
ployed for designing an improved inner-loop flight

controller. The design mainly hinged on three el-
ements: First, the notch filter for suppression of
the flapping eigenmodes which enables a high-gain
feedback without exciting the flapping dynamics.
Second, a command filter generating references for
feedforward and feedback controllers, and last, the
numerical tuning method based on MATLAB’s sys-
tune functionality.

4. The resulting inner loop was designed to achieve
maximum possible agility given the available con-
trol authority by iteratively setting the eigenfrequency
of the soft goal for step tracking and simultaneously
for the command filters. This approach worked very
well for this setup, resulting in fast response times to
command inputs and good disturbance rejection and
therefore enabling very good results for outer loop
modes such as position hold or trajectory following
and future expansions of these functionalities.
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