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ABSTRACT
This paper demonstrates simulation model updates using black-box filters and the application of Froude scaled ADS-
33 specifications to design an inner- and outer-loop control system for a sub-scale flybarless helicopter. The black-box
filters provide a simple and effective update to the vehicle plant resulting in accurate translation of design to flight.
Design specifications for manned rotorcraft specified by ADS-33 are Froude scaled and applied as design minimums
with adjustments made to accommodate limiting vehicle dynamics. The control system is optimized using CONDUIT®

and design margin optimization is used to maximize the vehicle performance. Flight testing is conducted to validate
the control laws using system identification and the vehicle performance is demonstrated using scaled Mission Task
Elements.

INTRODUCTION

Small Unmanned Aircraft Systems (UAS) provide new oppor-
tunities that benefit civilian, commercial, and military users
with a wide range of applications. In recent years the Federal
Aviation Administration (FAA) has introduced type certifica-
tion for UAS using a Durability and Reliability process which
is intended to demonstrate that the UAS is reliable, control-
lable, and safe based on flight test demonstration over the ex-
pected flight envelope (Ref. 1). The Durability and Reliability
process does not impose any low-level flight control require-
ments and instead focuses on the complete end-to-end system
using a risk-based approach. Small UAS often use high level
flight modes common to off-the-shelf autopilot packages such
as PX4 (Ref. 2) and ArduCopter (Ref. 3) which often rely on
empirical gain tuning or in-flight auto-tuning as a low-cost so-
lution to get a vehicle airborne. However, the success of the
UAS is ultimately dependent on the safe and reliable operation
of the underlying vehicle control system. Thus, a rigorous and
methodical control design approach should be employed that
uses engineering analysis and design standards to ensure safe,
predictable, and reliable operation.

Model based control design provides a systematic approach
to the design and analysis of the flight critical control sys-
tems and is commonly used in the development of manned
aircraft. This approach requires an accurate vehicle model
which can be obtained from flight tests using system identifi-
cation, as described in Reference 4, or from rigorous applica-
tion of first principles. For small UAS, system identification
is a practical and effective solution that can produce an accu-
rate model. Overall system deficiencies, either from poor data
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quality or unmodeled dynamics, negatively impact the accu-
racy of model-based control design and must be corrected to
ensure design model predictions are actualized in flight. In
the current case model deficiencies are associated with wear
and tear and associated changes in rigging during the over-
all project of approximately two years. The NATO AVT-296
working group compiled a comprehensive report, “Rotorcraft
Flight Simulation Model Fidelity Improvement and Assess-
ment” (Ref. 5), which covered seven methods of increasing
complexity to address model deficiencies. Though the NATO
report is focused on updating physics based models, these
methods are equally applicable to models developed using
system identification. Black-box filters, Method #2 in Ref-
erence 5, was applied to the CH-47, EC-135, and Bell 412
helicopters in Reference 6 which demonstrated the effective-
ness of this relatively simple correction method.

Control system design using model-based techniques typi-
cally employs numerous specifications that impose minimums
on system stability, robustness, and key handling qualities
metrics. The design minimums specific to rotorcraft are es-
tablished by ADS-33 and are based on extensive research and
flight test experience (Ref. 7). Further, ADS-33 defines Mis-
sion Task Elements (MTEs) that specify standardized maneu-
vers for the evaluation of the control system performance.
Recent research has focused on the application of these full-
scale specifications in the design and evaluation of multirotor
UAS. In Reference 8, performance based disturbance rejec-
tion was investigated for a quadrotor and was demonstrated to
provide significant performance improvements over an empir-
ically tuned controller. References 9 and 10 applied Froude
scaling in the design and evaluation of a multirotor in or-
der to meet scaled handling qualities and MTEs. This work
validated the proposed application of Froude scaled ADS-33
specifications and MTEs as a framework for developing small
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UAS control systems. Unlike multirotors, limited research has
been conducted on helicopter UAS with Reference 11 being
an example that investigated MTEs using Froude and Mach
scaling to evaluate three dissimilar controllers in simulation.

The current effort extends the previous research of Refer-
ence 12 which identified an accurate bare-airframe model us-
ing frequency domain system identification and developed an
inner-loop controller using model-based design with a limited
set of stability requirements. A key distinction in the current
work from the previous effort is the use of CONDUIT® to op-
timize the controllers which facilitates a multi-objective para-
metric optimization design (Ref. 13). This design approach al-
lows a common set of design requirements to be used and has
been demonstrated to produce similar vehicle performance ir-
respective of control law architecture used (Refs. 14, 15). A
driving factor of the design is the appropriate selection of
specifications such as disturbance rejection (Ref. 16), stabil-
ity margins (Ref. 17), actuator rate limitations and Open Loop
Onset Point (OLOP) (Ref. 13), and handling qualities with
ADS-33 specifying a comprehensive set of handling qualities
requirements for manned rotorcraft (Ref. 7). Each specifi-
cation in CONDUIT® consists of three levels corresponding
to the Cooper-Harper handling-qualities rating scale where
Level-1 handling-qualities are always desired; thus, the Level
1/2 boundary represents the minimum acceptable design.

Black-box filters are first developed to provide a simulation
model update to the originally identified vehicle. These in-
put filters ensure the design model accurately predicts flight
performance and flight test data demonstrates the improved
model agreement. Froude scaling is then used to establish
reasonable design minimums for the inner- and outer-loop
controllers using ADS-33 specifications. CONDUIT® is used
to optimize the controllers and the implications of the ro-
tor/fuselage coupling on the Froude scaled design specifica-
tions is discussed. The performance improvements of the op-
timized inner-loop design are demonstrated in simulation and
compared to the previous design (Ref. 12). Lastly, the con-
trollers are validated in flight and the performance is evaluated
using scaled MTEs.

PREVIOUS DEVELOPMENT

The previous research of Reference 12 applied system iden-
tification techniques to identify and model the bare-airframe
vehicle dynamics of the sub-scale Blade 360CFX 3S heli-
copter depicted in Figure 1. This sub-scale flybarless heli-
copter has a main rotor diameter of 0.8121(m) resulting in a
Froude scale of N = 20 when using the UH-60 as the full size
reference vehicle (Ref. 4). The identified model facilitated
model-based control design of an Attitude Command Attitude
Hold (ACAH) inner-loop controller using an Explicit Model
Following (EMF) architecture.

Frequency sweep flight test data was used with CIFER® to
identify the model with excellent agreement up to 100(rad/s)
(Ref. 12). The hybrid formulation was used to explicitly
model the coupled fuselage/rotor flapping dynamics facilitat-
ing the second-order regressive flapping mode to be accurately

Figure 1. Blade 360CFX 3S Helicopter

captured (Ref. 4). This accurate vehicle model is a prerequi-
site to the development of high-bandwidth flight control using
model based design.

The previous ACAH control design presented in Refer-
ence 12, herein referred to as V77, was developed using
Simulink® Control Design Toolbox. The design used a limited
set of requirements emphasizing stability margins, crossover,
and disturbance attenuation using tuning goals available in the
Simulink® Control Design Toolbox. This design resulted in
a suboptimal solution and required an ad-hoc approach with
manual tuning to arrive at a reasonable design.

BLACK-BOX FILTERS

Method #2 of Reference 5, black-box filters, are non-physical
corrections that provide additional flexibility over a simple
gain and time delay (Method #1). These filters can be ap-
plied as either input or output corrections without altering the
underlying baseline model (Ref. 6). Further, black-box filters
can be applied to either single input, single output (SISO) or
multi input, multi output (MIMO) systems. The filters can be
developed using algebraic, time-domain or frequency-domain
techniques (Ref. 5). In this effort the black-box filters are de-
veloped as SISO input corrections in the frequency domain.

Model Update Using Input Filters

The vehicle was subject to wear and tear and rigging changes
affiliated with the flight test program which altered the ve-
hicle bare-airframe dynamics. Black-box input filters were
selected as the method to update the model as the previously
identified bare-airframe model had excellent agreement with
the original flight test data. Frequency sweep flight tests were
conducted with the sweep injected at the effective plant in-
put denoted by δlatBL in Figure 4. The effective plant re-
sponse, G = p′/δlat for the lateral axis, was constructed and
the error response defined by Equation 1 was calculated in
the frequency domain using the Arithmetic Utility in CIFER®.
Figure 2 depicts the p′/δlat error response and represents the
change in the vehicle dynamics which must be updated.

e(s) = GFT(s)/Gdesign(s) (1)
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Figure 2. Lateral Error Response and Identified Input
Correction

The black-box filter was identified directly from the error re-
sponse using NAVFIT in CIFER® using a low-order transfer
function with the generalized form of Equation 2 to avoid
over-fitting. The frequency range used for identifying the fil-
ter was centered around the crossover frequency making sure
to include the 180 degree phase crossing. This ensures the un-
derlying baseline model is updated in the key frequency range
of interest for control design purposes. The black dashed line
in Figure 2 depicts the identified black-box filter for the lateral
axis which has excellent agreement in the frequency range of
2−60(rad/s).

s+b
s+a

e−τs (2)

Filters were identified for all axes and applied to the input of
the effective plant ahead of the mixer and crossfeed matrix as
indicated in Figure 4. Use of input filters, in contrast to output
filters, facilitates a single update that corrects the inner-loop
and kinematically coupled outer-loops. Figure 3 demonstrates
the improvement obtained by application of the black-box in-
put filters where the corrected response (COR) is represented
by the black dashed line and the uncorrected response (UNC)
is shown in red. The quadratic cost can be used to quantita-
tively describe the improved model agreement where a cost
of 100 denotes acceptable model agreement and 50 is excel-
lent (Ref. 4). The corrected response has excellent agreement
with a cost of 16.55, a 90% reduction from the uncorrected
cost of 180.

INNER-LOOP CONTROL DESIGN

The inner-loop controller uses the same architecture of Ref-
erence 12 and provides ACAH in the lateral and longitudinal
axes and Rate Command Attitude Hold (RCAH) in the direc-
tional axis. All three axes use EMF, as depicted in Figure 4 for
the lateral axis. A key benefit of the EMF architecture is the
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Figure 3. Lateral Corrected Response, p′/δlat

two degree of freedom design it affords. This allows the feed-
back response loop and command response characteristics to
be designed independently (Ref. 13).

The forward path provides design freedom in the command re-
sponse characteristics and consists of three key components.
The command model shapes the desired response; here the
lateral and longitudinal axes use a critically damped second-
order response and a first-order response in the directional
axis. The equivalent delay synchronizes the generated com-
mand with the measured states and helps prevent the actua-
tors from being overdriven. The inverse plant generates feed-
forward actuator inputs based on an accurate low-order equiv-
alent system of the on-axis bare-airframe response.

The feedback path establishes the closed-loop stability and
disturbance rejection characteristics. In this application a
proportional-integral (PI) controller is used as depicted in Fig-
ure 5. The integrator contribution Ki/p, is constrained to 1/5
the crossover frequency which ensures the integrator is effec-
tive without degrading the phase margin (Ref. 13). Though
not required in either the lateral or longitudinal axes, the di-
rectional axis uses a lead-lag filter on the output of the PI feed-
back to shape the response and meet stability requirements.
All axes employed a low-pass filter with a break frequency of
60(rad/s) to ensure energy dissipation at high frequencies.

Optimization Using CONDUIT®

Table 1 presents the specifications used for the inner-loop de-
sign and indicates which specifications were Froude scaled.
Froude scaling is required for specifications that have dimen-
sional units such as bandwidth (rad/s) and is not applied to
non-dimensional specifications such as damping ratio and sta-
bility margins. This scaling ensures the Level 1/2 minimums,
which have been developed for full-scale vehicles, are appro-
priate for the sub-scale helicopter. The scaled specifications
of Table 1 all use the frequency scaling law ω ∝

√
N. Note

the minimum crossover frequency required a reduced Froude
scale to provide a feasible solution due to the rotor/fuselage
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Figure 4. Explicit Model Following Roll Architecture

Figure 5. Lateral PI Architecture

Table 1. Inner-Loop Design Specifications
Specification Constraint Type Scaling
Eigenvalues Hard
Nichols (+10%) Hard
Stability Margins Hard
Bandwidth Soft Froude
Minimum Crossover Soft Froude
DRB Soft Froude
DRP Soft
Damping Ratio Soft
Model Following Soft
Open-Loop Onset Soft
Maximum Crossover Summed Objective Froude
Actuator RMS Summed Objective

coupling. When reduced scaling is required the reduction
should be applied uniformly to all axes, subject to the most
limiting axis. This uniform reduction ensures the relative ra-
tios of the full-scale specifications are preserved.

Once the specifications are appropriately scaled the optimiza-
tion algorithm in CONDUIT® is used to obtain a baseline op-
timized design, herein referred to as OPT. During the opti-
mization process the rate feedback gains Kp,Kq were driven
to zero indicating they are insensitive. This is a reasonable
result for vehicles with rigid rotor heads that already have sig-
nificant bare-airframe rate damping. Use of the Sensitivity
Analysis utility in CONDUIT® confirmed Kp,Kq were insen-
sitive indicating the parameters should either be fixed or re-

moved (Ref. 13). To retain an equivalent architecture with
Reference 12 the values were fixed to the nonzero values ob-
tained from the coarse convergence that satisfied all specifi-
cations. The OPT design satisfies all the specifications to the
Level 1/2 boundary and represents the minimum acceptable
design; however, it is desired to utilize the full performance
of the vehicle which can be attained through the Design Mar-
gin Optimization (DMO) process (Ref. 13).

The DMO process described in Reference 13 was followed
with design margin (DM) applied to the minimum crossover
frequency and Disturbance Rejection Bandwidth (DRB) spec-
ifications moving the Level 1/2 boundary further into the
Level 1 region. Starting with the OPT design, increments of
5% DM are applied and an optimized solution is converged
until a solution that satisfies further tightened specifications
cannot be attained. A one-dimensional analysis is then per-
formed to determine the most active specification, which in-
dicates the limiting axis. The limiting axis is then fixed to
70% of the DM that last produced a feasible solution and the
process continues in the remaining axes. This methodical pro-
cess produces a family of Pareto-optimal solutions that trade
off stability for improved performance providing the control
engineer with options for pilot feedback and insight to the per-
formance limitations of the vehicle (Ref. 13).

Design Improvements

Table 2 presents a comparison between the original inner-loop
control design presented in Reference 12 (V77), the baseline
optimized design (OPT), and the design margin optimized
(DMO) solution with the respective percent changes between
OPT and DMO (%∆ DMO/OPT) and V77 and DMO (%∆

DMO/V77). Compared to the baseline OPT design, the DMO
solution traded gain margin for increased crossover frequen-
cies in all axes resulting in higher DRB while satisfying the
5dB Disturbance Rejection Peak (DRP) specification. The
DMO solution for DRB exceeds Froude scaling for all axes
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Figure 6. Disturbance Response Simulation for Roll Initial
Condition Offset

with the lateral/longitudinal axes attaining a nearly ≈ 40%
increase. Unlike similarly sized multirotors (Ref. 10), the
crossover frequencies all fail to obtain the Froude scaled value
which indicates the Froude scaled crossover doesn’t represent
a suitable design minimum for this vehicle class. Further, the
crossover reduction between the lateral/longitudinal axes is
pronounced with the lateral axis ≈ 5% below Froude scaling
in contrast to the longitudinal axis that is ≈ 50% reduced and
is a result of the higher pitch inertia. The V77 design produced
excessively high crossover frequencies with reduced stability
margins and degraded disturbance rejection capabilities, most
notably in the form of high DRP. Comparing the DMO solu-
tion to the V77 design demonstrates significant improvements
with increased stability margins in all axes, reduced crossover
in the longitudinal/directional axes, and improved disturbance
response qualities in all axes.

Disturbance response simulations were conducted with a
30(deg) initial condition offset to demonstrate the improved
performance obtained by both the DMO and OPT design
compared to V77. The lateral disturbance response for the
simulation model depicted in Figure 6 demonstrates both
CONDUIT® designs recover without oscillation. Note the
DMO design has an initial recovery time approximately half
that of the baseline OPT design as a result of the DRB min-
imum and crossover being pushed further into the Level 1
region. Figure 7 shows the longitudinal disturbance and ex-
hibits improvements similar to the lateral axis. Lastly, Fig-
ure 8 demonstrates the oscillatory behavior of the V77 design
in the directional axis in contrast to the well damped response
of both the OPT and DMO designs.

Flight Test Validation

Flight test validation was performed for the inner-loop DMO
design by conducting broken-loop frequency sweeps with
the sweep injected before the mixer as indicated by δlatBL

in Figure 4. These sweeps allow the effective plant G and
the feedback H to be independently validated in addition to
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Figure 7. Disturbance Response Simulation for Pitch Ini-
tial Condition Offset
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Figure 8. Disturbance Response Simulation for Yaw Initial
Condition Offset

the overall broken loop response GH. Table 3 tabulates the
key metrics from the broken-loop response for the lateral
and longitudinal axis. These metrics were extracted from
the broken-loop responses with Figure 9 depicting the lateral
broken-loop response. Figure 10 depicts the closed-loop re-
sponse φ/δlats , with the Maximum Unnoticeable Additional
Dynamics (MUAD) boundary indicated by the shaded region
(Ref. 13). The excellent agreement between flight test and the
design model is a direct result of applying the black-box filter
update.

OUTER-LOOP CONTROL DESIGN

The outer-loop controller provides Translational Rate Posi-
tion Hold (TRPH) in the lateral, longitudinal, and heave axes.
Figure 11 presents the architecture which consists of nested
PI control loops and is mechanized in the local-level frame
aligned with the vehicle heading as indicated by the Rψ rota-
tions following Ivler (Ref. 10). The input velocity command
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Table 2. Inner-Loop Design Comparison
V77

MANUAL
CONDUIT

OPT
CONDUIT

DMO
%∆

(DMO/OPT)
%∆

(DMO/V77)
Lateral

GM(dB) 5.86 11.97 6.03 -49.62 2.99
PM(deg) 44.82 61.39 64.86 5.65 44.72
ωco (rad/s) 7.19 6.33 10.64 67.99 47.99
DRB(rad/s) 4.07 4.10 5.73 39.68 40.88
DRP(dB) 3.73 3.07 5.00 62.81 34.21

Longitudinal
GM(dB) 4.58 10.02 7.59 -24.20 65.92
PM(deg) 42.50 63.49 56.86 -10.44 33.78
ωco (rad/s) 7.47 4.00 5.82 45.69 -22.10
DRB(rad/s) 3.86 2.40 3.37 40.44 -12.71
DRP(dB) 5.87 3.40 4.81 41.74 -18.01

Directional
GM(dB) 6.33 8.80 7.33 -16.73 15.76
PM(deg) 40.18 42.55 48.59 14.21 20.92
ωco (rad/s) 12.86 9.17 9.36 2.12 -27.22
DRB(rad/s) 3.48 3.21 3.79 17.96 8.98
DRP(dB) 9.98 5.00 5.00 0.0 -49.91

Table 3. Inner-Loop DMO Design v. Flight Test
Design Flight

Lateral
GM(dB) 6.03 5.99
PM(deg) 64.86 64.90
ωco (rad/s) 10.64 9.76

Longitudinal
GM(dB) 7.59 7.48
PM(deg) 56.86 49.15
ωco (rad/s) 5.82 5.51
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Figure 9. Lateral Inner-Loop Broken-Loop Response
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Figure 10. Lateral Inner-Loop Closed-Loop Response

is integrated to generate a reference position command used
by the position loop to generate a velocity command contri-
bution. The velocity loop produces an attitude command used
by the inner-loop, except for the heave axis that generates a
collective command. The PI architecture is the same for all
loops with a lead-lag filter on the velocity controllers to shape
the response as depicted in Figure 12 for the lateral velocity
controller.

Optimization Using CONDUIT®

The outer-loop specifications are tabulated in Table 4. The
stability margins and Nichols specifications are applied to the
inner-loop broken at the actuator with outer-loops closed in
addition to the outer velocity and position loops broken at
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Table 4. Outer-Loop Design Specifications
Specification Constraint Type
Eigenvalues Hard
Nichols Hard
Stability Margins Hard
Minimum Crossover Soft
DRB Soft
DRP Soft
Heave Shipboard Response Soft
Damping Ratio Soft
Model Following Soft
Open-Loop Onset Soft
Maximum Crossover Summed Objective
Actuator RMS Summed Objective
CETI RMS Check Only

their effective actuator as indicated by the broken-loop sweep
injection points in Figure 11. The lateral and longitudinal ve-
locity crossover frequencies were initially set to 1/5 of the
corresponding inner-loop crossover frequency and the posi-
tion loop crossover was similarly established. This ensures
sufficient frequency separation while allowing subsequent de-
sign margin optimization to increase the crossover frequency
and still satisfy the 1/5−1/3 frequency separation guideline
of Reference 13. The crossover frequency for the heave veloc-
ity axis was established using the ωco≥ (2−3)ωunstable guide-
line (Ref. 13) noting that the vehicle has an unstable heave
mode at 1.24(rad/s).

Froude scaling was applied to the heave shipboard response

and the heave velocity DRB. The Froude scaled heave posi-
tion DRB is relatively low for the scale of this vehicle and was
increased by a factor of three which relates the hover/low-
speed heave response requirement to the shipboard landing
requirement (Ref. 7). The lateral and longitudinal veloc-
ity/position DRB were also scaled; however, these responses
are coupled to the inner-loop and as a result, require applica-
tion of reduced Froude scaling. It is recommended to retain
the relative ratio of the full-scale velocity DRB specification
which is achieved by considering the limiting axis, in this case
longitudinal, to define the reduction factor and then use the
full-scale relative ratio to obtain the non-limiting axis bound-
ary. This approach is similarly followed for the position loop.

The outer-loop is optimized with the inner-loop gains fixed
except for the lateral and longitudinal command model fre-
quencies which are left as free design parameters. Similar to
the inner-loop, an initial minimum design is first optimized
that satisfies all specifications to Level 1 boundaries. Design
margin optimization is then conducted with design margin ap-
plied to the crossover and DRB specifications. Following the
procedure of Reference 13 it is recommended that both the ve-
locity and position loops are optimized simultaneously during
the DMO process which ensures the velocity/position loops
are balanced in terms of aggressiveness.

Table 5 tabulates the baseline optimized design compared to
the final DMO solution for the longitudinal axis. The veloc-
ity and position crossover frequencies have been increased by
approximately 30% and are both on the edge of the minimum
frequency separation guideline. Both the velocity and position
DRB have also been increased by ≈ 30% which is reflected
in an 18% reduction in the CETI RMS specification. How-
ever, the lateral and longitudinal controllers have an average
15% lower DRB than the Froude scaled specification which
is significant as Froude scaling the full-scale specification is
intended to represent the minimum acceptable design. This
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Table 5. Outer-Loop Design Margin Optimization for
Longitudinal Axis

OPT DMO %∆

Longitudinal Velocity
GM(dB) 15.20 13.30 -12.52
PM(deg) 53.89 48.24 -10.48
ωco (rad/s) 1.50 1.91 27.30
DRB(rad/s) 1.06 1.27 20.17
DRP(dB) 3.73 4.33 16.31

Longitudinal Position
GM(dB) 12.89 11.38 -11.67
PM(deg) 70.92 70.58 -0.48
ωco (rad/s) 0.51 0.66 29.4
DRB(rad/s) 0.38 0.50 31.6
DRP(dB) 3.00 3.26 8.70
CETI RMS(m) 0.61 0.56 -7.54

suggests that single main rotor UAVs may require different
minimums than the more heavily researched multirotor vehi-
cles which can attain full Froude scaling as demonstrated by
References 9, 10.

Flight Test Validation

The outer-loop DMO design was validated in flight by con-
ducting broken-loop and disturbance rejection sweeps. The
location of the sweep inputs are depicted in Figure 11. Note
the disturbance response sweeps are applied in the local lat-
eral/longitudinal axes in order to isolate the controllers of in-
terest. The lateral velocity and position broken-loop responses
are presented in Figures 13 and 16 respectively. The velocity
broken-loop response has quadratic cost of 21 and the position
has a cost of 73 which demonstrates a single input correction
addresses all the control loops. The lateral velocity closed-
loop response is shown in Figure 14 and has excellent agree-
ment with the design model that is well within the MUAD
boundary. Figure 15 present the lateral velocity DRB which
demonstrates excellent agreement between the design model
and flight test. The key stability, crossover and disturbance
response metrics for the lateral and longitudinal outer-loops
are tabulated in Table 6 which demonstrate the design model
accurately predicted the flight performance as a result of the
broken-loop corrections used in the design process.

FLIGHT TEST MANEUVERS

The performance of the optimized controller was demon-
strated in flight by conducting hover position-hold in
windy conditions and dynamic maneuvers to include lat-
eral/longitudinal reposition and pirouettes. The lateral repo-
sition and pirouette maneuvers were Froude scaled to provide
an appropriate measure of performance (Ref. 10). The lon-
gitudinal reposition maneuver utilized the same input com-
mand as the lateral reposition and is not representative of the
ADS-33 depart-abort maneuver. Reference 10 introduced the
tracking precision metric ε to quantify the vehicle’s perfor-
mance when evaluating MTEs. This metric is computed using
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Figure 13. Lateral Velocity Control Broken-Loop Re-
sponse

10
0

10
1

-40

-20

0

20

40

M
A

G
N

IT
U

D
E

 (
d

B
)

CONDUIT

FT

10
0

10
1

FREQUENCY (rad/s)

-360

-270

-180

-90

0

P
H

A
S

E
 (

d
e

g
)

Figure 14. Lateral Velocity Closed-Loop Response
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Figure 16. Lateral Position Control Broken-Loop Re-
sponse

Equation 3 where Vmax,cmd is the maximum velocity command
during the maneuver, Lpath is the length of the maneuver, and
Verror,Perror are the velocity and position error magnitudes cal-
culated at each time step.

ε = wV
rms(Verror)

Vmax,cmd
+wP

rms(Perror)

Lpath
(3)

The Froude scaled lateral reposition maneuver consists of
repositioning 6(m) in 4 seconds. This maneuver was com-
manded using a 3(m/s) impulse velocity command with a
two second pulse-width in order to achieve the reposition in
the desired time. Figure 17 depicts the Froude scaled lat-
eral reposition maneuver which exhibits minimal off-axis re-
sponse. The maneuver was repeated multiple times and the
mean tracking precision was computed to be ε = 0.21 which
is well above the recommended adequate value of ε = 0.15
(Ref. 10). Note the undesirable tracking precision is an arti-
fact of the impulse command used. It is recommended that a
ramp velocity command be used following the work of Ivler
(Ref. 10) to more appropriately align with the natural velocity
response depicted in the velocity subplot of Figure 17 which
would result in a satisfactory tracking precision metric.

Figure 18 depicts the longitudinal reposition maneuver which
used a command input identical to the lateral reposition. This
maneuver does not represent a Froude scaled MTE and is in-
tended to demonstrate the minimal off-axis excitation of the
vehicle during aggressive acceleration/deceleration in the lon-
gitudinal axis. Similar to the lateral maneuver, the tracking
precision is undesirable with a computed value of ε = 0.2635
and is an artifact of the impulse command.

The Froude scaled pirouette maneuver has a radius of 1.5(m)
with a translational velocity command of 1(m/s) and should
be completed in 10 seconds. Unlike the lateral reposition ma-
neuver, the velocity command was passed through a critically
damped second order filter to avoid an abrupt velocity com-
mand at the start of the maneuver. Figure 19 depicts the ma-

Table 6. Outer-Loop DMO Design v. Flight Test
Design Flight

Lateral Velocity
GM(dB) 10.17 9.66
PM(deg) 43.96 44.47
ωco (rad/s) 3.56 3.69
DRB(rad/s) 2.22 2.30
DRP(dB) 5.41 5.44

Longitudinal Velocity
GM(dB) 13.30 13.84
PM(deg) 48.24 55.34
ωco (rad/s) 1.91 1.92
DRB(rad/s) 1.27 1.29
DRP(dB) 4.33 4.09

Lateral Position
GM(dB) 12.15 12.80
PM(deg) 73.34 63.41
ωco (rad/s) 0.86 0.87
DRB(rad/s) 0.66 0.69
DRP(dB) 2.75 2.88

Longitudinal Position
GM(dB) 11.38 13.32
PM(deg) 70.58 71.72
ωco (rad/s) 0.66 0.64
DRB(rad/s) 0.50 0.55
DRP(dB) 3.26 3.03

neuver using the baseline optimized (OPT) outer-loop con-
troller in orange and the DMO solution in blue. The arrows
indicate the vehicle heading as it follows the pirouette trajec-
tory where the directional axis is commanded with a constant
yaw rate. The DMO design provides superior tracking with
ε = 0.1013 and the baseline design has a tracking precision of
ε = 0.1506. Note the change in tracking performance only re-
flects the longitudinal axis improvements tabulated in Table 5
as the lateral axis controller used was the same for both the
baseline and DMO solution flown.
The hover position-hold maneuver was conducted on a rel-
atively windy day with 3(m/s) winds and 3.6− 4.5(m/s)
gusts. Flights were conducted using both the empirically
tuned ArduCopter position hold mode and the CONDUIT®

DMO design with the tests conducted successively to ensure
similar ambient conditions. Figure 20 depicts the hold perfor-
mance of the two controllers where the vehicle was facing due
West and the reference hold position command is the origin.
The optimized design provides a significant improvement in
performance with a lateral RMS of 0.1774(m), an 82% re-
duction, and a longitudinal RMS of 0.1946(m), an 84% re-
duction. The altitude performance had a modest improvement
with a RMS of 0.0221(m), a 39% reduction. This demon-
strates the substantial improvement in performance that can
be obtained using model-based design.

CONCLUSIONS
This effort applied black-box filters to update the design
model and used Froude scaled ADS-33 specifications with
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Figure 17. Lateral Reposition, DMO Outer-Loop
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Figure 18. Longitudinal Reposition, DMO Outer-Loop

CONDUIT® to design an optimized inner- and outer-loop con-
troller. Key elements of the development process were iden-
tification and application of black-box filters to update the
model, Froude scaled design specifications with systematic
optimization of the controllers, and validation and demonstra-
tion in flight using scaled MTEs. The results of this effort
showed that:

1. Black-box input filters are an effective method for updat-
ing bare-airframe dynamics. Application of these cor-
rections to the sub-scale flybarless helicopter resulted in
excellent agreement between design and flight test.

2. Methodical control design using CONDUIT® enabled
design of an optimized inner- and outer-loop controller
that satisfied scaled ADS-33 requirements.

3. Design Margin Optimization allowed further perfor-
mance to be obtained beyond the prescribed minimum
design specifications. The improved performance was
demonstrated by the adequate pirouette tracking of ε =
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Figure 19. Pirouette Optimized v. DMO Outer-Loop
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0.1506 with the optimized design and desired tracking of
ε = 0.1013 using the DMO design.

4. Single main rotor UAS do not strictly adhere to Froude
scaling specifications due to the rotor/fuselage coupling.
Further research into minimum specifications for this
class of vehicles is warranted.

5. Flight test maneuvers demonstrated satisfactory trajec-
tory tracking performance. The optimized control design
provided improved performance with an 82% reduction
in lateral and 84% reduction in longitudinal RMS com-
pared to the empirically tuned ArduCopter controller.

Author contact:
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