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ABSTRACT

The flight responses of quadcopters of various scales (50-1200 1b) are evaluated in the presence of a 20 kt turbulent
headwind. Nominal flight controllers are tuned for each aircraft to meet HQ specifications, where the controllers will
reject disturbances to the aircraft groundspeed, attempting to maintain zero groundspeed. Froude-scaling is performed
to scale the handling qualities specifications of the smaller aircraft, utilizing the additional agility. The nominal
and scaled controllers are then compared in rejecting disturbance due to the turbulent headwind. Non-linear dynamic
simulations are performed to evaluate the rigid body response of each aircraft, finding that scaling the flight controllers
(on aircraft less than 1200 Ib) reduces the pitch and roll attitude response so that all aicraft have similar peak-to-peak
values. Following scaling, the peak-to-peak roll and pitch attitudes for all four aircraft are within 0.5° and 0.4° of
each other, respectively. The improvement in disturbance rejection capabilities from scaling comes at the cost of 24%
increase in the RMS current, and 2% additional current margin for the 50 Ib aircraft (which is the largest increase).
Overall, the increase in actuator activity due to scaling the controllers is less than the current margin required for

maneuvering, resulting in the motors not needing to increase in size.

INTRODUCTION

In recent years, the operation of aircraft in urban environments
has moved significantly closer to being a reality, driven by ad-
vances in technology associated with eVTOL aircraft and the
collective effort of government, academia, and the private sec-
tor. The vehicles operating within the scope of Advanced Air
Mobility (AAM) will be required to safely complete various
missions in many challenging environments, while sharing
crowded airspace in the presence of both pedestrians and in-
frastructure. A critical element of successful operation within
urban environments is the performance of eVTOL aircraft in
the presence of atmospheric turbulence.

In the past, there has been extensive effort in evaluating the
performance of conventional helicopters in turbulent condi-
tions; one such example is rotorcraft operation within ship
airwakes. A recent study by Thedin et al. (Ref. 1) compared
two methods of modeling the atmospheric boundary layer and
simulated the effects on a rotorcraft at multiple stations within
the ship wake. A significant finding of this study was that
the command inputs to maintain the desired station occur at
low frequency (0.1-3 Hz range), which compared well with
flight test data. Another study by Oruc et al. (Ref. 2) evalu-
ated the coupling of rotorcraft dynamic simulations and CFD
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simulations for aircraft operating in ship airwakes. The au-
thors found that fully coupled simulations predict higher fre-
quency and amplitude perturbations compared to the one-way
coupling (effcts of ship airwake only); however, these flight
simulations came at a significant computational cost (similar
to CFD simulation cost).

While significant work has been done to model atmospheric
turbulence on conventional rotorcraft, the aircraft that will
occupy the AAM market will feature novel designs. There-
fore, it is crucial to evaluate these new configurations thor-
oughly. One such configuration is a quadcopter concept, intro-
duced by the Revolutionary Vertical Lift Technology (RVLT)
project, which has been modeled as a single to six passenger
aircraft (1200-6500 1b gross weight) (Ref. 3). Other studies
from NASA have focused on the design of flight controllers
for the variable pitch or variable rotor speed controlled quad-
copters, where Malpica and Withrow-Maser (Refs. 4,5) found
that meeting Level 1 handling qualities can be difficult when
using variable-RPM rotor control.

At RPI, recent studies have also focused on the handling qual-
ities of multicopters sized for AAM operations. Walter et
al. (Ref. 6) applied scaled (based on rotor size) handling quali-
ties requirements to quadcopters ranging in size from 300 Ib to
1200 Ib and evaluated the performance and actuator require-
ments when executing various maneuvers and rejecting dis-
crete gusts. In a similar study, Bahr et al. (Ref. 7) applied
standard HQ specifications to a quadcopter, hexacopter, and



octocopter (all 1200 Ib) and also examined various maneuvers
and discrete gusts. Both of these studies found that the actu-
ator effort required to execute maneuvers exceeded what was
required to reject discrete gusts. Most recently, atmospheric
turbulence was applied to the 1200 1b quadcopter (modeled in
Refs. 6 and 7) where a precursor CFD simulation was used to
generate a turbulent flow field that was applied to the aircraft
in a flight dynamics simulation (Ref. 8). The study found that
the flight controllers tuned to standard HQ specifications did
well in rejecting the applied turbulence, where the turbulent
wind content (and actuator effort to reject the turbulence) was
in the 0.1-3 Hz frequency range.

The present study applies atmospheric turbulence to quad-
rotor eVTOL aircraft of various scales to explore how the dif-
ferent vehicles respond to disturbance caused by turbulence.
The response of each aircraft will be examined in the con-
text of peak-to-peak rigid body response as well as the ac-
tuator effort required to reject the turbulence. Further, flight
controllers for the smaller aircraft (<1200 Ib) will be scaled
to improve the disturbance rejection capabilities. The perfor-
mance of the scaled controllers will be compared to the nom-
inal controllers using the same metrics, overall evaluating the
cost associated with improved performance.

MODELING

The aircraft modeled in this study feature fixed-pitch,
variable-RPM rotors and utilize the Rensselaer Multicopter
Analysis Code (RMAC, Ref. 9); RMAC is a physics-based
code which calculates rotor forces and moments using blade
element theory and a 10-state Peters-He dynamic inflow
model (Ref. 10). RMAC is used to linearize the model (about
hover) for flight control design. When the vehicles are sim-
ulated in the presence of turbulence the full non-linear dy-
namics are evaluated within RMAC and the time history re-
sponse is computed using a stiff, variable-step solver within
Simulink®.

Quadcopters at four scales are evaluated in the presence of
turbulence, where the parameters common to all scales are
tabulated in Table | and the varying parameters are shown in
Table 2. The rotor booms are sized to maintain at 10% rotor
radius tip clearance and the vehicle inertia is scaled from the
1200 Ib aircraft (where inertia scales with weights/ 3 Ref. 11).

Table 1. Common Aircraft Parameters

Parameter
Number of Rotors 4
Disk Loading 6 1b/ft?
Tip Clearance 0.1R
Solidity 0.0646
Blade Root Pitch 21.52°
Blade Twist —10.39°

Table 2. Aircraft Parameters
Gross Weight (Ib) 50 300 680 1200
Rotor Radius (ft)  0.81 2 3 4

Boom Length (ft) 1.20 297 445 594
L. (slug ft?) 13 32 128 344
Iy (slug ft?) 1.6 38 150 405
I, (slug ft?) 25 62 246 668

Turbulence

The turbulent flow field used in this study is the same flow
field discussed in Ref. 8, where a resolved, turbulent field is
generated and convected downstream over the aircraft. Turb-
Sim (developed by NREL, Ref. 12) is used to generate the
resolved turbulent flow field; and PHASTA (Ref. 13) is used
to convect the turbulent field downstream over the aircraft.
Further discussion regarding the turbulence generated can be
found in Reference 8. Presently, the turbulent field is char-
acterized by a mean windspeed of 10.3 m/s (20 kt) and tur-
bulence intensity of 30% (corresponding to the “Severe case”
from Ref. 8). The trim values for each aircraft in a 20 kt head-
wind is shown in Table 3. All vehicles have a similar pitch
attitude where the difference is caused by the aircraft having
different flat plate drag areas (scales with gross weight). Each
aircraft is placed within the same turbulent field and are as-
sumed to be spatially fixed as the turbulence washes over the
aircraft. This is done to restrict the aircraft from moving out
of the generated flow field.

Table 3. Aircraft Trim at 20 kt

Gross Weight (1b) 50 300 680 1200
Pitch Attitude (deg) -1.8° -1.7° -1.7°  -1.6°
Front Rotor Speed (RPM) 4700 1900 1270 950
Rear Rotor Speed (RPM) 5510 2230 1490 1110
Front Motor Voltage (V) 25.5 63.1 94.6 126.2
Rear Motor Voltage (V) 267 709 1064 141.8
Front Motor Current (A) 233 577 86.5 1154
Rear Motor Current (A) 29.7 73.1  109.7 146.2

The velocity associated with turbulence is interpolated across
each rotor disk at the BET integration points, varying the
forces and moments produced by each rotor. This is sum-
marized by Fig. 1, where the axial component of turbulence is
represented by V/, and the edgewise component is represented
by V/, where ?[%,9,2] is the blade element reference frame.
The axial component of the turbulence (VZ’) is most criti-
cal to the variation of forces and moments produced by the
rotor, as VZ’ is about the same order of magnitude as Up,
while the tangential velocity is dominated by the rotor speed
(Ur = Vysiny +Qr >> V/). Overall, this results in the aero-
dynamic angle of attack being more sensitive to Uj, than it is
to Uy. Further discussion can be found in Ref.



Figure 1. Turbulence Application at Blade Element

Although all four aircraft are within the same turbulent field,
each rotor will experience slightly different turbulent veloc-
ities at the rotor integration points, as the rotor boom length
scales with the vehicle size (a 0.1R rotor tip clearance is main-
tained). As a representative case, the time history for the tur-
bulent velocities at the rotor 1 hub (front-right rotor) of the
1200 1b vehicle is shown in Fig. 2. While the peaks and
troughs experienced by the other vehicles will be quantita-
tively different due to the rotor locations, the stochastic dis-
tribution and frequency content of the velocities will be simi-
lar. Therefore, Fig. 2 qualitatively represents the turbulence at
each rotor of each aircraft.
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Figure 2. Turbulence at 1200 Ib Aircraft Rotor 1 Hub

The mean and standard deviation of the turbulent velocities at
the rotor 1 hub of each aircraft is shown in Table 4. In this
60 second window of turbulence all aircraft see mean longi-
tudinal turbulence velocities between 9.7-9.9 m/s (18.9-19.2
kt). This is slightly lower than the prescribed mean wind-
speed (10.3 m/s or 20 kt) from the turbulence generation. This
discrepency is due to the stochastic nature of the turbulent
field, where over a long enough timespan, the mean wind-
speed would converge to the prescribed value.

As previously discussed, the critical component of turbulence
is the velocity variation through the rotor disk, VZ’; therefore,
the longitudinal and lateral components of turbulence will not
be discussed. The frequency content of the axial turbulent

Table 4. Mean and Standard Deviation of Turbulent Ve-
locity at Aircraft Rotor 1 Hub

Gross Weight V)é (m/s) Vyl (m/s) VZ/ (m/s)
u c u o u o
50 1b 973 277 -0.05 0.82 -044 0.71
300 1b 992 273 -0.15 0.76 -0.21 0.63
680 1b 986 2.82 -022 0.76 -0.24 0.69
1200 b 9.77 272 -0.12 0.76 -0.22 0.72

component is shown in Fig. 3, where there is a corner fre-
quency of approximately 1 Hz, followed by a rapid decrease
in frequency content. From this, the majority of the energy in
the disturbance is in the low frequency range.
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Figure 3. Axial Turbulence Frequency Content at 1200 Ib
Rotor 1 Hub

Flight Controller

All aircraft utilize explicit-model-following controllers (de-
tailed in Ref. 14) with the architecture shown in Fig. 4. This
architecture is characterized by feedforward paths defined by
a low order inverse model (based on hovering vehicle), and
feedback PID controllers which stabilize the aircraft and re-
ject disturbances. Disturbance inputs in the feedback paths
are used for the evaluation of the disturbance rejection speci-
fications (disturbance rejection peak and bandwidth). During
simulation the turbulence is directly applied to the plant. Sen-
sors are placed in the feedback paths for the aircraft attitudes,
angular rates, and velocities, where the sensors are modeled
as well-damped second-order filters with a natural frequency
of 100 Hz (Ref. 14). All aircraft feature an outer-loop con-
troller, which tracks disturbances to the aircraft velocities and
works to maintain zero groundspeed.

Flight controllers are tuned using CONDUIT® (Ref. 14), a
multi-objective control optimization suite which tunes feed-
back gains to meet a set of HQ specifications (which include
ADS-33E-PRF, Ref. 15) while minimizing actuator effort.
In previous studies, CONDUIT®has been used to tune con-
trollers for UAM/AAM multicopters (Refs. 4,6,7), using both
nominal and Froude-scaled specifications. The present study
utilizes similar controllers designed in Ref. 6, where the con-
trollers are tuned to the same specifications and slight modi-
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Figure 4. Control Architecture

fications to the gains are made to account for sensors in the
feedback paths.

When using the nominal controller all vehicles are held to the
same specifications when tuning the flight controller. As the
aircraft scale decreases from the nominal 1200 Ib aircraft, cer-
tain specifications are scaled (using Froude-scaling, Ref. 16)
to improve the handling of the smaller aircraft, as they are
more agile. The scaling parameter, F, is defined in Eq. 1 and
the parameters which are scaled are presented in Table 5.

Fe \/ Rotor Radius 0
"V Reference Rotor Radius

Table 5. Froude-Scaling per Dimension

Dimension Units Scaling
Length m F?
Time s F
Attitude rad -
Frequency rad/s F~!
Velocity m/s F

For turbulence rejection, the key specifications are distur-
bance rejection peak (DRP) and bandwidth (DRB), where the
DRB scales with the aircraft size (DRB scales with 1/F) and
DRP is unscaled. The effect that scaling has on the DRB
and DRP is shown in Fig. 5, which represents the longitu-
dinal velocity disturbance transfer function for the 50 Ib vehi-
cle (where the largest scaling occurs). Scaling the controller
moves the DRB from 0.69 rad/s to 1.55 rad/s (0.11 Hz to 0.25
Hz), and doesn’t substantially change the DRP. The change in
DRB and DRP for all aircraft is summarized in Table 6.

Scaling is most effective on the 50 Ib aircraft, where the DRB
increases substantially, and the DRP slightly decreases. A de-
crease in the DRP will have the effect of reducing the am-
plitude of the disturbances which are not attenuated by the
controller. However, this is not a dominant effect after scal-
ing; as a 0.25 dB decrease is a 2.3% reduction in magnitude.

-10 —Nominal Controller|
—Scaled Controller
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Figure 5. 50 Ib Aircraft Longitudinal Disturbance

Similar changes in DRB and DRP are observed in the lateral
and heave axes and are not presented.

Table 6. Longitudinal Velocity Disturbance Rejection
Bandwidth and Peak

Aircraft Nominal Scaled
DRB (rad/s)
501b 0.69 1.55
300 Ib 0.67 0.88
680 1b 0.68 0.70
1200 1b 0.68 -
DRP (dB)
501b 5.02 4.74
300 1b 4.89 4.98
680 1b 4.94 4.92
1200 1b 4.99 -
RESULTS

Inner-Loop Response

In the presence of turbulence, the aircraft will deviate from
their trim condition due to the variations in forces and mo-
ments produced by each rotor. The pitch response of all air-
craft within the turbulent field is qualitatively similar, and is
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Figure 6. 1200 Ib Aircraft Pitch Response

represented by the 1200 1b aircraft (see Fig. 6). The response
is characterized by oscillation about the trim pitch attitude
(—1.6°, Table 3), while the other axes oscillate about zero.

The overall attitude response for all aircraft using the nominal
controller is summarized in Fig. 7, where the flight controllers
for all aircraft are held to the same specifications. The dashed
line in each box plot represents the mean attitude for each air-
craft, with the upper and lower limits of each box representing
75th and 25th percentiles of the signal, respectively. The error
bars represent the peak-to-peak values of the signal and show
the minimum and maximum as the lower and upper limits,
respectively.

In roll, all aircraft are centered about a mean roll attitude of
zero degrees, with the 50 Ib aircraft seeing the largest peak-to-
peak attitude at 7.7°. As the aircraft increase in size, the peak-
to-peak attitude decreases (seen as reduced error bars). The
largest aircraft (1200 Ib) has a peak-to-peak pitch response
of 2.9°. The same trend is seen in pitch, where the smallest
aircraft has the largest peak-to-peak response (9.2°) and the
largest vehicle has the lowest peak-to-peak response (5.2°).

However, in yaw the largest vehicles have the highest peak-
to-peak disturbance (~1.3° for the 680 and 1200 1b aircraft);
this is due to the vehicle inertia scaling faster than the mo-
tor torque. Yaw also has the lowest peak-to-peak disturbance
compared to roll and pitch. Which is due to yaw being ac-
tuated by motor torque, rather than rotor thrust; and motor
torque is not affected by turbulence (aerodynamic torque on
the rotor is).
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As the vehicles decrease in size, the attitude disturbance in-
creases due to the decrease in inertia (as all aircraft have sim-
ilar DRB and DRP, Table 6). The stability and control deriva-
tives for each aircraft are shown in Table 7. The roll and pitch
stability derivatives increase with the vehicle scale; therefore,
as the vehicle scale increases, disturbances in pitch and roll
are more damped by the vehicle inertia.

Table 7. Pitch and Roll Stability and Control Derivatives

Aircraft L, M, Lso, Msq,
50lb -033 -0.28 -0.07 -0.06
300lb  -0.59 -049 -0.13 -0.11
6801b -0.74 -0.63 -0.16 -0.14
1200lb -0.87 -0.74 -0.19 -0.16

Implementing scaled controllers on the smaller aircraft re-
sults in a reduction of the peak-to-peak disturbances, which
is shown in Fig. 8 with the peak-to-peak values tabulated in
Table 8. When scaled controllers are used, the peak-to-peak
disturbance in each axis is similar for all aircraft. While using
the nominal controllers the peak-to-peak pitch response varied
from 9.2° for the 50 1b aircraft, down to 5.2° for the 1200 1b
aircraft (4° difference). After scaling, the peak-to-peak pitch
response is between 4.8° and 5.2° (only a 0.4° difference).
Similar reduction in peak-to-peak is seen in the roll attitude;
when using the nominal controller there was a 4.8° peak-to-
peak difference across the aircraft, after scaling the difference
is 0.5°.

5,
El
< e %%% ===
]
o
=
E 5l 50 Ib
= 300 1b
< 680 1b
1200 1b
0 ‘ | 00
Roll Pitch Yaw

Figure 7. Aircraft Attitude Response Nominal Controller  Figyre 8. Aircraft Attitude Response Scaled Controller
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Table 8. Peak-to-Peak Attitude Disturbance

Aircraft ¢ Nominal ¢ Scaled 6 Nominal 6 Scaled Wy Nominal W Scaled
501b 7.66° 3.37° 9.24° 4.77° 0.64° 0.44°

300 1b 5.22° 3.63° 6.29° 4.84° 1.05° 0.77°
680 Ib 3.47° 3.01° 5.30° 4.96° 1.34° 0.94°
1200 1b 2.86° - 5.25° - 1.25° -

100

=

5}

<

=

=

bt

< :

a —Nominal Controller

= 4 |- Scaled Controller ~

A 10

107"

10°

Frequency [Hz|

Figure 9. Pitch Attitude Frequency Content 50 Ib Aircraft

Comparing the frequency content of the pitch attitude for the
nominal and scaled 50 Ib aircraft, shown in Fig. 9, shows that
at low frequencies (below 0.6 Hz) the scaled controller re-
duces the frequency content in the aircraft pitch attitude. This
is due to the DRB increasing for the scaled controller. At fre-
quencies above 0.6 Hz, the frequency content decreases for
both controllers. This is due to the aircraft inertia filtering out
the disturbance, as well as the turbulence content decreasing
at higher frequencies.

QOuter-Loop Response

The controller implemented on each aircraft uses a transla-
tional rate command (TRC) response type in the longitudi-
nal, lateral, and heave axes, with the feedback path reject-
ing disturbances to the aircraft groundspeed. Figure 10 shows
the body velocity response when using the nominal controller
where all aircraft have a mean response of 0 m/s, while the
smallest aircraft sees the largest peak-to-peak change in ve-
locity at 1.11 m/s, 0.77 m/s, and 0.34 m/s in u, v, and w, re-
spectively. Similar to the inner-loop responses, as the vehicle
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scale increases the peak-to-peak disturbance decreases due to
the increasing vehicle inertia.

Scaling the controllers decreases the peak-to-peak body ve-
locities caused by turbulence (See Fig. 11), and the compari-
son between nominal and scaled controller is tabulated in Ta-
ble 9. The scaled controller drastically improves the response
of the smallest aircraft, bringing the longitudinal velocity re-
sponse of the 50 Ib aircraft from 1.11 m/s to 0.34 m/s. Similar
improvement is seen for the 300 1b aircraft. However, the 680
Ib aircraft does not see a substantial reduction in the peak-to-
peak response, as this aircraft is not scaled as aggressively.
In the inner-loop, scaling the controllers caused all four air-
craft to have similar peak-to-peak responses in pitch and roll
attitude which is not the case for the outer-loop, where the
smaller aircraft outperform the larger ones (seen as smallest
aircraft having the smallest peak-to-peak values, see Fig. 11).

The nominal aircraft all have similar heave and sway re-
sponses, with peak-to-peak heave rates between 0.32-0.39 m/s
and a mean of O m/s. Scaling the controllers improves the re-
sponse, reducing the peak-to-peak heave rates to be between
0.25-0.32 m/s.
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Figure 11. Velocity Response Scaled Controller



Table 9. Peak-to-Peak Velocity Disturbance

Aircraft u Nominal u Scaled v Nominal v Scaled w Nominal w Scaled
501b 1.11m/s  034m/s 0.77m/s 0.19m/s  0.38 m/s 0.25 m/s
300 Ib 0.6lm/s 042m/s 049m/s 027m/s 0.39m/s 0.30 m/s
680 1b 0.57m/s 0.54m/s 032m/s 0.28m/s 0.33m/s 0.30 m/s
12001b  0.53 m/s - 0.26 m/s - 0.32 m/s -
Rotor Speed 180 -

The aircraft modeled in this study feature fixed-pitch rotors;
therefore, the rotors must constantly change speed to produce
the forces and moments necessary to reject the disturbance
due to turbulence. As before, the front and rear rotor speed re-
sponse will qualitatively be represented by the 1200 Ib vehicle
using the nominal controller, shown in Fig. 12. The response
is characterized by the front and rear rotors oscillating about
a mean rotor speed (980 RPM for front, 1090 RPM for rear).
These mean rotor speeds differ from the trim values (Table 3);
as the mean turbulence velocity is less than the trim velocity,
resulting in less of a required differential rotor speed from the
rotors.
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Figure 12. Rotor Speed Response of 1200 Ib Aircraft

As the vehicle scale decreases, the rotors become smaller and
must increase in speed (to maintain the same tip speed, Ta-
ble 2). Therefore, the rotor speed responses for the smaller
aircraft would be characterized by a larger mean rotor speed,
and larger peak-to-peak variations in speed (not shown).

Motor Current

The variation of rotor speed described in the preceding sec-
tion will require rapid actuation of the electric motors, deliver-
ing torque to the rotors (via current fluctuations). The overall
current response for the 1200 Ib aircraft is shown in Fig. 13;
where the response is characterized by the rear rotors having
the largest mean current (due to the rear rotors spinning faster,
Fig. 12). The rear rotors also have a larger peak-to-peak vari-
ation in current (the 25th and 75th percentiles are also wider),
indicating they are more active than the front rotors.

An important parameter for vehicle design is the peak motor
torque, as it determines the size of the electric motors installed
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Figure 13. Current Response of 1200 Ib Aircraft

on the aircraft. The peak motor torque is linearly related to the
motor current, as T = iK; (K is the motor torque constant). For
the 1200 1b aircraft, motor 3 (rear-left motor) experiences the
highest peak torque out of the four rotors. This is true for all
aircraft in this study and is due to the specific turbulence used
(a different turbulence field may cause the rear-right motors
to have the highest peak torque).

The current margin represents the additional current (above
hover current) that is required to reject turbulence or perform
a maneuver; where the current margin is related to the peak
current through Eq. 2,

Ipeak = lirim (100% + Current Margin). (2)

The current margin for each aircraft using the nominal con-
trollers is shown in Fig, 14, where the four vehicles require
similar margin to reject turbulence (between 9%-12%). Over-
all, this is much lower than the current margin required to
perform maneuvers; which was previously found to be about
25% (Refs. 6,7). Using the scaled controllers (see Fig. 15) the
required current margin increases for the scaled aircraft, caus-
ing the current margin to be between 11%-12.5%. The current
margin for each aircraft is tabulated in Table 10, showing the
change from the nominal to scaled controller. The 50 Ib vehi-
cle sees the largest change in current margin, increasing from
10.5% to 12.5%. The 300 1b and 680 1b aircraft see similar
increases, resulting in a scaled current margin of 11.1% and
11.2%, respectively. Even after scaling, the current margin re-
mains well below the margin required for maneuver; showing
that turbulence rejection is not the limiting factor for motor
sizing.
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Table 10. Required Current Margins

Aircraft Hover Nominal ' Scaled .
Current Current Margin =~ Current Margin
501b 304 A 10.5% 12.5%
300lb  75.0A 9.37% 11.1%
680 1b 112 A 10.3% 11.2%
12001b 150 A 12.0% 12.0%

While the peak current does not substantially increase when
the flight controllers are scaled (meaning the motors do not
need to increase in weight), the actuator activity does increase;
which is shown via the RMS motor current where the RMS
current is calculated from Eq. 3,

1 /T
IRMS = \/T/o (i(t) — imean)? dt. 3)

The RMS current for motor 3 (rear-left rotor, highest trim cur-
rent) is tabulated in Table 11, showing that scaling the con-
trollers significantly increases the RMS current, by as much
as 23.6% for the 50 Ib aircraft. Scaling most significantly in-
creases the RMS current for the smallest aircraft, where the
percent change decreases as the aircraft gets larger (controller
is scaled less aggressively for larger aircraft).

Table 11. Motor 3 RMS Current

Aircraft Nominal Scaled Percent

RMS RMS  Change

50 1b 1.34A 1.65A 23.6%

300 1b 335A 386A 153%

680 Ib 546 A 572A 5.80%
12001b  8.19A - -

The percent change in RMS current across all rotors is sum-
marized by Table 12. Which shows that the smallest aircraft
have the largest increase in RMS current, an expected result
due to the Froude-scaling. Overall, similar trends are seen
across all aircraft, where the rear rotors have a larger increase
in RMS current (compared to the front rotors).
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Figure 15. Current Margin Scaled Controllers

Table 12. Percent Change in RMS Current Following Scal-

ing
Aircraft Motor1 Motor2 Motor3 Motor 4
501b 17.0% 20.9% 23.6% 17.8%
300 1b 11.2% 11.7% 15.3% 13.8%
680 Ib 2.1% 2.5% 5.8% 4.2%
CONCLUSIONS

Disturbance rejection capabilities of different sized quad-
copters (50-1200 1b) is evaluated by analyzing the aircraft
rigid body response and required motor current under atmo-
spheric turbulence at 20 kt and 30% TI. Under nominal con-
ditions, the flight controllers for each aircraft were tuned to
meet baseline HQ specifications. The flight controllers for
the small aircraft were Froude-scaled to utilize the increased
agility of the smaller aircraft, and improve disturbance rejec-
tion capabilities. The following conclusions are made:

e Using nominal controllers, the smaller aircraft experi-
ence larger disturbances in the presence of atmospheric
turbulence due to lower inertia. The 50 Ib aircraft has a
9.2° peak-to-peak pitch response, compared to 5.2° for
the 1200 Ib aircraft.

* Froude-scaling the flight controller specifications im-
proves the disturbance rejection capabilities of the
smaller aircraft. This results in the inner-loop responses
having practically the same peak-to-peak disturbance
across all aircraft. Scaling brought the difference in
peak-to-peak pitch response across the four aircraft from
4° t0 0.4°. Inroll, scaling reduced the difference in peak-
to-peak attitude from 4.8° to 0.5°.

* Scaling the flight controllers comes at the cost of increas-
ing actuator activity, increasing the current RMS of the
most active motor by 24%, 16%, and 8% for the 50 1b,
300 Ib, and 680 1b aircraft, respectively.

* The peak current (important for motor sizing) does not
substantially increase after scaling the controllers. The
current margin increases from 10.5% to 12.5% for the 50
Ib aircraft. The current margin required to reject turbu-
lence does not limit the sizing of the motors, as it is less
than what is required for maneuver.
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