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ABSTRACT

A key class of UAS are VTOL vehicles, which afford the ability to hover and maneuver in tight spaces;
often in windy and turbulent conditions. This paper presents the development and flight testing of
optimized control laws for the 3DR IRIS+ quadrotor designed to aggressively hold its position in a
hover while subjected to wind gusts and turbulence. Performance-based disturbance rejection require-
ments, such as attitude/position tracking error in turbulence and maximum position displacement for
a 1-cosine gust, are directly incorporated into the flight control design and optimization process. A
Control Equivalent Turbulence Input (CETI) was then used to simulate turbulence in flight and the
optimized control laws allowed for the quadrotor to hold its position to within 3.5 inches, a factor of
13.5 improvement over the stock position hold controller.

NOTATION
S50 Inner-Loop Input Sensitivity
Soes Outer-Loop Input Sensitivity
Vd Lateral Velocity Disturbance, ft/sec
Vg Lateral Gust Input, ft/sec
vy Lateral velocity, ft/sec
X Longitudinal Position, ft
Xe Longitudinal Position Error, ft
y Lateral Position, ft
Vd Lateral Position Disturbance, ft
Ve Lateral Position Error, ft
S84 Input Disturbance
Olat Lateral Input
p Roll Rate, deg/sec
Pd Roll Rate Disturbance, deg/sec
De Roll Rate Error, deg/sec
() Roll Attitude, deg
e Roll Attitude Error, deg
0 Pitch Attitude, deg
04 Pitch Attitude Disturbance, deg
0. Pitch Attitude Error, deg

WRwW -135 deg Phase Bandwidth, rad/sec
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0% Crossover Frequency, rad/sec

¢ Damping Ratio

ACAH Attitude Command Attitude Hold

ADD  Aviation Development Directorate

ADS  Aeronautical Design Standard

CDRB Control Equivalent Disturbance Rejection Band-

width, rad/sec
CDRP Control Equivalent Disturbance Rejection Peak,

CETI dC](s)ntrol Equivalent Turbulence Input
DRB Disturbance Rejection Bandwidth, rad/sec
DRP Disturbance Rejection Peak, dB

GM Gain Margin, dB

MIMO Multi-Input Multi-Output

MTE  Mission Take Element

PBDR Performance-based Disturbance Rejection
PH Position Hold

PM Phase Margin, deg

RMS  Root Mean Square

UAS  Unmanned Aerial System

VTOL Vertical Take-Off and Landing

INTRODUCTION

Unmanned aerial systems (UAS) play an increasingly sig-
nificant role in military, commercial, and recreational avia-
tion. A key class of UAS are vertical take-off and landing
(VTOL) vehicles, which afford the ability to hover and ma-



neuver in tight spaces; often in windy and turbulent condi-
tions.

Various methods have been proposed to develop flight
control systems for VTOL UAS that are capable of reject-
ing wind gusts and turbulence. These methods include us-
ing angular acceleration feedback to allow for increased
gains and bandwidth (Ref. 1), tuning of PID controllers to
minimize the magnitude of the input disturbance sensitiv-
ity function (Ref. 2), estimating wind velocity in flight and
eliminating its effect using feedback (Ref. 3), and identify-
ing turbulent airwake spectral properties online for use in
an adaptive gust alleviating control law (Ref. 4).

Unlike manned aircraft, where handling qualities and pi-
lot subjectivity are important, UAS are inherently perfor-
mance driven vehicles. For manned aircraft, Mission Task
Elements (MTEs) are used to assess the handling quali-
ties via assigned Cooper-Harper Handling Quality Ratings
(HQR) (Ref. 5). By definition, MTEs have very specific
performance level boundaries. For example, the pilot must
maintain the helicopter positioned within £3 ft of a point
on the ground to achieve a Level 1 rating for the Hover
MTE. Consequently, without pilot subjectivity, assessing
flying qualities becomes purely performance driven.

Performance-based disturbance rejection (PBDR) re-
quirements have been used to design control laws for a UH-
60. Specifically, a stability augmentation system for opera-
tion in a ship airwake has been designed by minimizing the
power spectrum density of the transfer function between the
gust input and aircraft rate responses (Ref. 6). In addition, a
PBDR requirement of holding a specified position tolerance
in moderate turbulence has been used to tune and flight test
outer-loop position hold control laws for a UH-60 (Ref. 7).
This paper expands on the previous work by incorporating
similar and additional PBDR requirements into the flight
control design and optimization process for UAS in hover.

The objectives of this research are two-fold. The first
objective is to design a control system for a quadrotor that
aggressively holds a position over the ground in the pres-
ence of wind gusts and turbulence. This objective is ac-
complished by using the flight control design and opti-
mization methods developed at the Aviation Development
Directorate for manned aircraft (Ref. 8) and by including
performance-based disturbance rejection requirements di-
rectly into the flight control design and optimization pro-
cess. Two such requirements used in the optimization pro-
cess are the attitude/position tracking error while hover-
ing in turbulence and the maximum position displacement
when subjected to a 1-cosine gust (Ref. 9).

The second objective is to use the proposed
performance-based approach to design flight control
systems with various levels of disturbance rejection char-
acteristics and correlate quantitative performance with
existing flying qualities and flight control specifications
(e.g., stability margins, crossover frequencies, disturbance
rejection bandwidth, etc.).

DISTURBANCE REJECTION

Both random turbulence and discrete gusts are types of pro-
cess disturbances. The effect of these disturbances on an
aircraft’s combined dynamics and control system can be
quantified by examining the block diagram interaction be-
tween the two. Figure 1 depicts a typical roll attitude com-
mand block diagram with pre-filter, Py, controller K, input
disturbance filter D(s), and plant G.
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Fig. 1. A typical roll attitude feedback block diagram.

The error dynamics y,, can be expressed as a function
of the reference input ¢, the input disturbance 84, and the
lateral gust v, as:

Yo, =Py - brer — s¢G§mD(s) 84— 845Gl vy (1)
where S is the matrix of sensitivity functions:

Spo (s )} 2)

Sy = (I+G¢31K¢)71 = |:S¢¢(S) Spp(s)

Sop(s)
The attitude sensitivity function Sy¢, as used in classical
MIMO design, is also referred to as the roll attitude distur-
bance rejection frequency response (Ref. 10). This response
corresponds to the roll attitude output due to a roll attitude
disturbance at the sensor measurement:

!

Spo(s) = %(S) 3

In general, S;; corresponds to the response j for an input i
at the sensor measurement.

Setting the reference input to zero isolates the effect of
the input disturbance and gust on the error and yields:

Yo. = —S4(G} D(s)-81+ G, -v,) (4)

Of specific interest for this attitude command controller is
the attitude error ¢, due to an input disturbance and gust



which is given by:
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where the expression (Sg¢(s) +5-S,4(s)) is the input sen-
sitivity transfer function:

S5 (5) £ ‘2‘?@) = (Spo(s) +5-Spo(s)) (6)

and it is assumed that p = s- ¢. Further simplification of
Equation 5 yields:

¢

(s)-D(s)- 64+ o
g
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Given an input disturbance filter D(s), and assuming that
the plant dynamics ¢/, and ¢/v, do not change, the input
sensitivity function Sg = directly shows the effect of feed-
back on ¢, in the presence of an input disturbance §; and
gust vg. A typical input sensitivity frequency response is
shown in Figure 2. Disturbances with frequencies such that
‘S% ( ja))’ < 0 dB are attenuated by feedback, however,
disturbances with frequencies such that [S5, (j®)| >0 dB
are amplified. Therefore, it is important to shape the sensi-
tivity response such that maximum attenuation is achieved
around the frequency range in which the disturbance is most
active.
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Fig. 2. Typical shape of an input sensitivity function.

A similar analysis can be performed for a position feed-
back block diagram to determine the lateral position error
¥ due to a process disturbance by augmenting the attitude
feedback loop with a position hold controller Ky, as shown
in Figure 3.

For an input disturbance &, and lateral gust v, the error
¥, is given by:

Ye=—585Gy-(G§ -D(s)-&+Gh-v)) (¥

where S, is the matrix of position outer-loop sensitivity
functions:

1 [Swl(s) Se
S, = (I+G,ToK,) 1_ [Siigi) Sy(s)} 9

and T is the matrix of inner-loop closed-loop responses:

Ty =(I+G§ Ky)"'G} K,Py (10)
The position and velocity output sensitivity functions Sy,
and S,,, are also referred to as the lateral position and lateral
velocity disturbance rejection frequency responses, respec-
tively (Ref. 10). These responses correspond to the lateral
position and velocity outputs due to a lateral position and
lateral velocity disturbance at the sensor measurement:

Sy (s) = 2~ (s) an
Yd
V/,

Sw(s) = - (s) (12)
Va

The position error y, can in turn be expressed as:

Ye = _<Syy(s) +5'Svy(s)) : (S¢¢(S) +S'Sp¢(s))
«gﬁ»m»&+lwwg<m
at Vg

where the expression (S,y +s-S,y) is the input sensitivity
transfer function of the outer-loop:

Sorr() 2 0 (5) = (8,0(5) +5 Sy (5))

14
B (14)

Further simplification of Equation 13 yields:

ye = _S¢ref (S) ' Sélat (S)

(L(s)-D(s)- 84+ vl(s) ) (15)

>
5lat g

The position response to an input disturbance and gust
is directly proportional to both the outer-loop input sensitiv-
ity Sy, (s) and the input sensitivity of the inner-loop S5, (s)
without position hold augmentation. This result validates
the nested loop optimization strategy (Ref. 7) (Ref. 8). In
this strategy, the attitude loop feedback controller is opti-
mized first. Once optimized, the resulting attitude loop con-
troller gains are fixed and then the velocity/position outer-
loop feedback controllers are optimized.
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Fig. 3. Lateral-axis position hold control system block diagram.

Furthermore, Equation 15 implies that an aircraft’s po-
sition hold disturbance rejection performance is directly af-
fected by the aircraft’s attitude disturbance rejection charac-
teristics. Knowing the frequency content of the disturbance
D(s) and the aircraft dynamics (e.g., ¢/8a(s), ¢/ve(s), etc.)
provides insight into how each controller Ky and Ky should
be designed to attenuate applicable frequencies and produce
improved disturbance rejection performance.

AIRCRAFT DESCRIPTION

The small-scale UAS used in this study is the IRIS+ quadro-
tor manufactured and sold by 3D Robotics (3DR) (Figure
4). The IRIS+ weighs approximately 2.8 lbs, is 0.3 ft tall,
and has a cross motor-to-motor distance of 1.8 ft.

Fig. 4. IRIS+ quadrotor by 3D Robotics.

Identified Model

A linear state-space model of the IRIS+ around the hover
flight condition was identified from flight test data using fre-
quency domain system identification techniques (Ref. 11).
The model was then validated in the time domain with pulse
responses not used for system identification, ensuring that
an accurate model was used for control law design. Due to
the quadrotor’s symmetric configuration, decoupled lateral,
longitudinal, directional, and heave models were identified
and then combined into a complete six degree-of-freedom

model. Example identification results are shown here are
for the lateral axis only, but similar results were obtained
for the other axes.

The form of the identified lateral axis model is given by:

v Y, Y,+W gcos Qg Yglm V— Vg
[? _ L, L, 0 Ls,, p
¢ 0 1 O 0 (If
t 0 0 —1/Tiag at
+ Ot (1 —
1/'z'-lag
» 0 1 01"
a| = |vn Y, 0 Y, {;
v Y, Y,+Wy gcos®y Ys s
lat
+ 1/Tlag 61at
1/‘L-ldg
(16)

The individual and average freqeuency response fit cost
values are given in Table 1. The costs are calculated as a
weighted sum of the magnitude and phase errors between
the frequency responses from flight data and the model re-
sponses (Ref. 11).



Table 1. State-Space

Model Identification
Fit Costs
Response  Cost (J)
P/ Ot 63.36
ay/ Oat 24.52
V/ Blat 71.05
Jave 52.98

Figure 5 shows an overlay between flight data (black)
and the identified model (blue) for the roll rate to lateral
input frequency response of the bare-airframe. The fig-
ure shows an excellent model fit, which is confirmed by
the low individual and average fit costs given in Table 1
(for rotorcraft, costs of J < 100 indicate an excellent agree-
ment (Ref. 11)).
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Fig. 5. Roll rate to lateral input, bare-airframe frequency
response. Flight data is in black and the identified model in
blue.

The identified parameter values as well as their in-
sensitivity and Cramér-Rao bounds are given in Table 2.
All identified parameters are known to good accuracy and
not correlated with any other parameters as indicated by
their low insensitivity (I < 10% (Ref. 11)) and Cramér-Rao
bound (CR < 20% (Ref. 11)) values.

Table 2. State-Space Model Identifica-
tion Parameter Values

Param. Value CR (%) Insens. (%)
A-matrix

Y, -0.1996 6.62 2.37

Y, 0? — —

L, -0.5363 5.78 1.77

L, 0? — —

1/Tiag 19.18° — —
B-matrix

Y. 0.128 6.62 3.09

Ls, 1.601 3.46 1.21

Time delay
T 0.0122 13.83 8.132

2 Eliminated parameter
b Fixed parameter

After identification of the lateral model, it was validated
in the time-domain using a verification maneuver consisting
of a pulse. The roll rate results are shown in Figure 6, which
shows good agreement between flight data and the flight
identified model.
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Fig. 6. Time domain verification of the identified model for a
lateral pulse input.

An alternate model of the IRIS+ was identified and pre-
sented in (Ref. 12) and (Ref. 13).

Comparison to Manned-Sized Helicopter

Useful insight can be gained by comparing the dynam-
ics of the IRIS+ to those of a manned-sized aircraft since



established control law optimization strategies and rules-
of-thumb were developed for manned-sized helicopters.
Adapting the optimization strategies, rules-of-thumb, and
typical control system performance values depends on the
dynamics of the bare-airframe.

Table 3 shows a comparison of the primary lateral axis
stability and control derivatives between the IRIS+ and a
UH-60 (FORECAST hover model used), as well as a com-
parison of their modes. Two important distinctions can be
drawn between the IRIS+ dynamics and those of the UH-
60. First, as expected for a much smaller vehicle, the dy-
namics of the IRIS+ are at a much higher frequency. The
IRIS+ unstable lateral phugoid mode has a frequency of
Ophyprs, = 2.55 rad/sec, as compared to the UH-60 unsta-
ble phugoid value of @pp,, , = 0.405 rad/sec. Using the
rule-of-thumb that in order to stabilize an unstable mode,
a control system must have a crossover frequency of w, >
3105 X Wynstable (Ref. 8), we expect typical crossover fre-
quency values of @. > 13.0 rad/sec for the IRIS+, whereas
typical values for the UH-60 are @. > 2.0 rad/sec. An initial
estimate of the crossover frequency is a critical characteris-
tic to know before designing a new control system.

The second distinction between the IRIS+ and the UH-
60 is the lack of angular rate damping of the IRIS+, as is
evident by the values of ¥, = 0 and L, = 0 (Table 3). The
result of this is the lower value of the roll mode frequency
(1/7) of the IRIS+, as shown also in Table 3. Figure 7
shows a comparison of the roll rate response of the IRIS+
and UH-60. The lower roll mode frequency of the IRIS+,
due to its lack of angular rate damping, results in a reduction
in the phase of the roll rate response of about A® ~ —60 deg
above @ = 5 rad/sec, which is a primary reason for the ad-
dition of a lead compensator in the control system designed
for the IRIS+, as will be discussed later.

Table 3. Stability and Control Derivative
and Mode Comparison Between IRIS+

and UH-60)

Param. IRIS+ UH-60
A-matrix

Y, [1/sec] -0.1996  -0.0544

Y, [ft/rad-sec] 0 0.2897

L, [rad/ft-sec] -0.5363  -0.0248

L, [1/sec] 0 -4.8016
B-matrix

Ys,, [ft/sec?/%] 0.128  0.0462

Lg,, [rad/sec?/%] 1.601  0.1265

Modes

Phugoid @y, [rad/sec] 2.55 0.405

Phugoid Cyp [-] -0.481  -0.0265

Roll 1/7, [rad/sec] 2.65 4.83

p/zSIat [rad/sec/%]
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Fig. 7. Roll rate frequency response comparison between
IRIS+ and UH-60.

Turbulence Model

In addition to the bare-airframe model of the IRIS+, a Con-
trol Equivalent Turbulence Input (CETI) model (Ref. 14)
was developed from flight test data (Ref. 12). The CETI
model provides the ability to evaluate the response of the
IRIS+ to realistic turbulence and predict the control sys-
tem performance in terms of RMS attitude or position vari-
ations. Attitude and position variations in turbulence are
key performance parameters, and therefore enforcing lim-
its on them during control system optimization is a direct
method of ensuring they are met. Therefore, having a way
to accurately estimate them is necessary.

Like other turbluence models (e.g., Dryden (Ref. 9)), the
CETI model is comprised of white noise passed through a
low-pass filter. In this case, the filter is first-order:

3turb K

wn (s) = (s+a)

a7

where O, is the control equivalent turbulence input, given
in percent of the maximum control input, and wn is white
noise with noise power of 1.0.

Table 4 lists the CETI model parameters (gain K and
break frequency a) for the IRIS+ and UH-60 medium tur-
bulence CETI models (Ref. 14). Figure 8 shows a compar-
ison of the frequency responses of the two CETI models.
Although the CETI model of the IRIS+ has a lower break
frequency than that of the UH-60, the steady-state magni-
tude is higher, as expected for a significantly smaller vehicle
that is more susceptible to turbulence.



Table 4. Control Equivalent Turbulence Input (CETI)
Model Comparison Between IRIS+ and UH-60

Param. IRIS+ UH-60
K [%] 2.64 1.49
a [rad/sec] 0.351 1.05

Control Equivalent Turbulence Input Model [%]

Magnitude [dB]

Phase [deg]

Frequency [rad/sec]

Fig. 8. Control Equivalent Turbulence Input (CETI) model
frequency response comparison between IRIS+ and UH-60.

FLIGHT CONTROL DESIGN

A control system was designed for the IRIS+ with the ob-
jective of aggressively holding a position over the ground in
the presence of wind gusts and turbulence.

Figure 9 shows the block diagram representation of
the lateral and longitudinal-axis control system. The con-
troller is comprised of an attitude-command/attitude-hold
(ACAH) inner-loop that uses an explicit model following
architecture and a simpler position hold (PH) outer-loop
feedback controller.

A nested-loop design approach is used where first the
ACAH inner-loop is designed for the pitch and roll axes
to meet a comprehensive set of stability and performance-
based disturbance rejection specifications while minimizing
actuator activity. Next, the pitch and roll ACAH designs are
fixed augmented with the PH controller. The PH controller
is similarly designed to meet a set of design specifications.
A direct optimization approach within CONDUIT® was
used to tune the controller gains (Ref. 8).

Performance-based Disturbance Rejection

The objective of aggressively holding a position over the
ground was accomplished by incorporating performance-

based disturbance rejection requirements directly into the
design process. For the purposes of this research, the in-
corporated performance-based specifications consisted of
imposing a minimum performance requirement on the air-
craft’s disturbance rejection response to CETI turbulence
and a 17 ft/sec (10 kt) 1-cosine gust.

Control Equivalent Turbulence Input (CETI) As in-
dicated in “Turbulence Modeling” section, the CETI dis-
turbance used herein is generated by passing white noise
through a low-pass filter:

2.64
urb (S) A
wn s+0.351
where kK = 100 PWM/%. In the “Disturbance Rejection”
section, it was shown that the roll attitude response to a pro-
cess disturbance is given by,

CETI(s) =

(18)

¢ ¢
gd(S) = S5 (5)- 51*&(5) -D(s)

(19)
where the disturbance transfer function D(s) is now
CETI(s). Multiplying the bare-airframe dynamics,
¢ /814t (s), with CETI(s) produces the open-loop response of
the aircraft to CETI turbulence and is shown in Figure 10.
Figure 10 shows that 99% of the total energy in the attitude
response of the IRIS+ when subjected to CETI turbulence
lies between 0.1 - 5 rad/sec. Therefore, feedback control
that provides maximum attenuation within this frequency
range will yield improved disturbance rejection character-
istics. This response is then attenuated by the input sensi-
tivity function Ss_ (s) to ultimately produce the closed-loop
attitude response to turbulence.

¢/81a(s) - CETI(s)
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Fig. 10. Open-loop response of the IRIS+ roll attitude
when subjected to CETI turbulence.



4

Attitude Command Attitude Hold (ACAH)

.. . )‘
Position Hold (PH) Explicit Model Following (EMF) Og
Xref l
).
vxrer —’ 9 . | P ®(a_Ct’IE >
Vref 4 PH Pref cmd
17yref

0,q9,.¢,p

| z
Matt T

Npos

Fig. 9. Laterl and longitudinal-axis control system block diagram consisting of an attitude-command/attitude-hold (ACAH)
innerloop and position hold (PH) outerloop.

A typical roll attitude error (¢) and lateral position error )
(ve) response of the IRIS+ subjected to CETI turbulence 3RMS

are shown in Figures 11 and 12, respectively. From there- [T~ 7" -~~~ ~-"F~~~~=77°7°7°7
sponse, bounds on the error signal equal to three times the | 4 ‘
root-mean-square (RMS) are calculated and used as a direct
measure of the aricraft’s disturbance rejection performance.
During the design process, the RMS of the error signal is
computed in the frequency domain by calculating the area
under the signal’s autospectrum (Ref. 8) (Ref. 15). Spe-
cific performance requirements (e.g., 3-RMS(¢.) < 2 deg ;
3-RMS(ye) < 0.5 ft) are then imposed and used to drive the
flight control design. -1t

y, I

20 40 60 80 100 120
Time [sec]

Fig. 12. Typical lateral position error (y¢) to CETI tur-
bulence.

@, [deg]

1-Cosine Gust Input A lateral 1-cosine gust input is also
used to measure the aircraft’s disturbance rejection perfor-
mance. The lateral gust amplitude, vgus is calculated by:

-4 ; ; ; ; i i Vmax
0 20 40 60 80 100 120 Vaust = 7(

Time [sec]

1 —cos(wg 1)) (20)

Fig. 11. Representative roll attitude error (¢) response  where vy is the maximum amplitude of the gust and @; is
to CETI turbulence. the frequency of the input. Figure 13 shows the time history
profile of an example lateral 17 ft/sec 1-cosine gust.
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Fig. 13. Representative 1-cosine gust input.

The frequency @, is dynamically chosen to be the fre-
quency where the maximum magnitude of the gust-to-
position (y/v,) frequency response occurs, as shown in Fig-
ure 14. The frequency corresponding to the maximum mag-
nitude provides a “worst-case,” or maximum displacement,
response for a pure sinusoidal gust input. The 1-cosine in-
put used here is not a continuous sinusoidal signal, however,
produces a near maximal displacement response at @.

Y/ ve(s)

-15¢ . . |

Magnitude (dB)

W :

-40 — ‘

0.1 1 5
Frequency [rad/sec]

Fig. 14. Representative lateral position frequency re-
sponse to a gust input.

Figure 15 depicts a typical lateral position response to a
1-cosine vgyus. The maximum displacement of the position
response is calculated and used as the disturbance rejection
performance measure for the gust input.

V\ Maximum Displacement

0 2 4 6 8 10
Time [sec]

Fig. 15. Representative lateral position response to a 1-
cosine gust.

Attitude Command Attitude Hold (ACAH) Inner-loop
Design

The lateral-axis ACAH inner-loop control law is shown in
Figure 16 with an identical structure used for the longitudi-
nal axis. Both controllers take the form of an explicit model
following (EMF) architecture (Ref. 8). This architecture
consists of a command model Py, inverse plant G~¢71, an
equivalent time delay 7y, and the feedback controller K.
An EMF architecture is a two-degree of freedom controller
and therefore, allows for the separate design of the inner-
loop’s closed loop behavior and the inner-loop’s response
to disturbances/modeling uncertainties.

8a
- T

Pref Pema =—1 (Sfflat l Olat
—>| P, }T’ Gy —O—> G o >

fblat
=] Ky
¢chd/ Pemd :T - % o,

4, Pd
Fig. 16. Lateral-axis ACAH inner-loop control law with an

EMF architecture.

The closed-loop response is set by the command model.
The command models for both the lateral and longitudinal



axes are second order systems with natural frequency @, =
10 rad/sec and damping ratio { = 0.7071.

B 100
T 24 14.14215+ 100

Py (s) = Po(s) @1

These command model parameters were chosen based on
RC pilot preference.

The equivalent time delay is included to account for fil-
tering delays, sampling delays, and high frequency dynam-
ics that are not modeled by the inverse plant. The equivalent
time delay for the lateral and longitudinal axis were calcu-
lated to be,

Tp = 0.0629 sec, 79 =0.0657 sec (22)

Given a commanded attitude, the bare-airframe dynam-
ics are inverted to estimate the required control input neces-
sary to produce said command. For example, the linearized
angular acceleration response in the roll axis is given by:

p= Ly-v+Liy- alal (23)

Under the assumption that p ~ ¢ and approximating the
lateral body velocity to be:

¢ (24)

the lateral input required to produce a roll attitude com-
mand, ¢.mq, can be estimated by

L, -2
¢Cmd V S—Yv

Llat

! ¢cmd

61:fl at =

(25)

Similarly, the longitudinal input required to produce a pitch
attitude command, 6.4, s estimated by

.. —g
Oema — My, - —>—
cmd u S—Xu

Mlon

: 6cmd

Ottyyy = (26)

The lateral axis feedback controller K is shown in Fig-
ure 17 with an identical structure used in the longitudinal
axis. It consists of proportional-integral feedback on roll
attitude error (¢), proportional feedback on roll rate error
(pe), and a lead compensator (Kjeaq) such that:

K;
Ko(s) = (=" + Kpy ) e + Kp,pe)Kieaa(s)  (27)

Similarly, for the pitch axis:

K;

Ko(s) = ((T

+er)ee +quQe)Klead(s) (28)

&cmd )
Pemd \(
$a

Fig. 17. Lateral axis feedback control structure.

The lead compensators were included to account for the
reduced phase in the bare-airframe dynamics due to a lack
of angular rate damping as described in the “Aircraft De-
scription” section. In addition, it is known that there is a
clear trade-off between stability margins and disturbance
rejection performance (Ref. 16). Generally, as disturbance
rejection performance increases, stability margins decrease.
Introducing more phase into the system allows for a larger
bandwidth controller with increased disturbance rejection
capabilities while still ensuring that pre-defined stability
margins are met.

For both the lateral and longitudinal axes, the lead com-
pensator was chosen to provide 80 deg of phase at a nom-
inal crossover frequency of 20 rad/sec. A low-pass filter
with break frequency w = 100 rad/sec was also included
to ensure sufficient roll-off of the control signal at higher
frequencies.

Inner-Loop Flight Control Design Specifications The
feedback gains, KP¢, Kiq,, Kpp, K,,.Ki,,and qu were tuned
in CONDUIT® to simultaneously meet a comprehensive
set of stability and performance specifications while mini-
mizing actuator usage. Table 5 summarizes the specifica-

tions used for the ACAH control law design and provides



the constraints imposed on each specification. The gain and
phase margin requirements in SAE-AS94900 were reduced
from their original values.

Table 5. ACAH Design Specifications

Description Source Constraint
Stability
Eigenvalues Generic L.H.P.
Gain/phase margins AS94900 [4 dB /35 deg]
Nichols robust stab. margins GARTUER -
Performance
Eigenvalue damping ratio Generic >0.30
Crossover frequency Generic > 10 rad/sec
3-RMS Attitude Error Generic < [4,3,2, 1] deg
- CETI Turbulence
Actuator Usage
Actuator RMS Generic Minimize

- Process noise disturbance

Inner-Loop Optimization Strategy The PBDR require-
ment used to drive the design of the ACAH control system
was the 3-RMS attitude error of the aircraft when subjected
to CETI turbulence. A family of designs was generated
by systematically reducing (tightening) the 3-RMS require-
ment, for both the roll and pitch axes, from 4 to 1 deg. A
3-RMS of 2 deg was found to be a good compromise be-
tween performance and stability and was chosen as the final
design. The “UAS Flying Qualities Requirements” presents
the results for the entire family of designs.

Inner-Loop Flight Control Design Results Figure 18
shows the broken-loop response of the lateral axis with a
crossover frequency @. = 22.71 rad/sec, gain margin (GM)
of 4.81 dB, and phase margin (PM) of 43.80 deg. The
closed-loop response of the lateral axis is also shown in Fig-
ure 19 with a -135 degree phase bandwidth of wgw = 10.61
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Fig. 18. Lateral-axis broken-loop response of optimized
design.
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Fig. 19. Lateral-axis closed-loop response of optimized
design.

Figure 20 shows the lateral axis simulation result of subject-
ing the IRIS+ to CETT turbulence. The time domain results
(3-RMS = 2.1 deg) closely matches the predicted 3-RMS
obtained in the frequency domain (3-RMS = 2 deg).
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Fig. 20. Roll attitude error, ¢., of the IRIS+ subjected to
CETI turbulence.

The remaining ACAH design results for a 3-RMS require-
ment of 2 deg are summarized in Table 6 with all design
constraints being met.



Table 6. ACAH Control Law Design Specification Com-
parison with Flight Data

Design
Roll Axis
GM [dB] 4.81
PM [deg] 43.80
min({) 0.30
o, [rad/sec] 22.71
3- RMS(¢.) [deg] 2.00
wgw [rad/sec] 10.61
Pitch Axis
GM [dB] 421
PM [deg] 39.70
min({) 0.30
. [rad/sec] 25.24
3- RMS(6.) [deg] 2.00
wgw [rad/sec] 10.39

Inner-Loop Design Validation In order to flight validate
the design, broken-loop and closed-loop sweeps of the opti-
mized design were conducted and frequency responses gen-
erated using CIFER® (Ref. 11). Figure 21 overlays the
lateral broken-loop response obtained from flight data and
from the analysis model. Excellent agreement between the
two responses is seen around crossover.
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Fig. 21. Broken-loop comparison between flight data
and analysis model with optimized design.

Additionally, the closed loop response obtained from flight
data and the analysis model is shown in Figure 22. Ex-
cellent agreement is also noted, giving confidence in the
accuracy of the analysis model and validity of the imple-
mented design. Similar comparisons between flight data as
the analysis model were seen in the pitch axis.
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Fig. 22. Closed-loop response comparison between
flight data and analysis model with optimized design.

Table 7 summarizes the ACAH control law design speci-
fications with those obtained from flight. Excellent agree-
ment is noted in both the lateral and pitch axes.

Table 7. ACAH Control Law Design Specification Com-
parison with Flight Data

Design  Flight

Roll Axis
GM [dB] 4.81 -
PM [deg] 4380  45.50
. [rad/sec] 22.71 22.67
3. RMS(¢e) [deg] 2.00 2.03
wgw [rad/sec] 10.61 11.25
Pitch Axis
GM [dB] 4.21 -
PM [deg] 39.70  38.57
. [rad/sec] 25.24 24.68
3- RMS(6.) [deg] 2.00 1.89
wpw [rad/sec] 10.39 11.03

Inner-Loop Flight Test Results The optimized design
and the stock IRIS+ “Stabilize” control systems were flown
outdoors with simulated CETI turbulence in 2-3 kt winds.
The stock “Stabilize” mode is also an attitude command at-
titude hold controller. Figure 23 shows the resulting roll
attitude error from flight for both the PBDR design and
“Stabilize”. A significant improvement can be seen in the
performance-based design with a 3-RMS performance mea-
sure of 2.03 deg, very close to the predicted/designed value.
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Fig. 23. Flight data comparison of the roll attitude
error between the stock ‘“Stabilize” controller and the
performance-based design.

Table 8 summarizes the pitch and roll 3-RMS attitude
error performance measures obtained from flight. For both
axes, the measures obtained from flight data match the de-
signed performance measure of 2 deg very closely and are
both over a factor of three smaller than the stock controller.

Table 8. 3- RMS Attitude Error Comparison Between
Performance-based Design and Stabilize Mode

PBDR Stabilize Mode

[deg] [deg]
3-RMS(¢.) 2.03 6.66
3-RMS(6.) 1.89 6.35

Inner-Loop Discussion Examining the sensitivity func-
tions for both controllers provides insight into the differ-
ences in disturbance rejection characteristics that were ob-
served in flight. Figure 24 shows the lateral axis input sen-
sitivity functions Sg_ = obtained from analysis for both the
PBDR design and the stock controller.
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Fig. 24. Lateral-axis input
performance-based disturbance
and the stock “Stabilize” controller.

sensitivity of the
rejection design

Recall that 99% of the total energy in the attitude re-
sponse of the IRIS+ due to CETI turbulence lies between
0.1 - 5 rad/sec (Figure 10). This frequency range is the
critical region for disturbance rejection and where the sen-
sitivity function is most effective in attenuating this type of
disturbance. The PBDR design is roughly 5 dB smaller in
magnitude within this entire region, leading to larger dis-
turbance attenuation and an overall smaller 3-RMS attitude
error performance measure.

The feedback gain acting on the attitude error that is
most effective in shaping the sensitivity function at low fre-
quency is the integrator gain. Proportional-integral feed-
back can be expressed as:

SJF(Ki/Kp)

K, -
P N

(29)
where the integrator-to-proportional gain ratio K;/K), is the
frequency up to which the integral action is effective. A
good rule of thumb is to choose this ratio to be 1/5 of the
crossover frequency @, in order to limit the phase loss/lag at
that frequency (Ref. 8) (Ref. 17). With a nominal crossover
of @, =20 rad/sec for the IRIS+, the rule of thumb suggests
a ratio of 4. However, significant improvements in distur-
bance rejection can be obtained by increasing the range of
effectiveness of the integrator gain, or equivalently, increas-
ing the integrator-to-proportional gain ratio. This increase
in performance comes at a cost of larger phase loss around
crossover, further amplifying the need for a lead compen-
sator.

Directly incorporating the 3-RMS attitude error perfor-
mance measure into the design and optimization process
exploited this benefit and produced a controller with signifi-
cant improvements in disturbance rejection properties. The
resulting integrator-to-proportional gain ratio obtained from
the optimized design is 13, approximately 3/5 of crossover.

The stock “Stabilize” controller provides lead compen-
sation in the form of derivative action on the angular rate
error which allows for a high-bandwidth controller, how-
ever, there is no integral action on the attitude error, only a
proportional gain.

PH Outer-loop Design

Using and fixing the feedback gains of the ACAH inner-
loop design corresponding to a 3-RMS of 2 deg, position
hold (PH) control laws were developed for the lateral and
longitudinal axes. The lateral-axis PH outer-loop control
law is shown in Figure 25 with an identical structure used in
the longitudinal axis. The feedback controller K, consists
of proportional-integral feedback on lateral position error
(ye), proportional feedback on lateral velocity error (vy,),

and a lead compensator (K, ,,) such that:

K;,
K)’ (s) = ((T + KPy )ye + KPVy Vye) ) Kylead (S) (30)



Similarly, for the pitch axis:

Kels) = (74 Kp v+ K, 1) Ky (5) B1)

As with the ACAH inner-loop design, the lead com-
pensators were included to allow for increased gains while
ensuring adequate stability margins were still maintained.
For both axes, the lead compensator was chosen to pro-
vide 45 deg of phase at a nominal outer-loop crossover fre-
quency of @, = 4 rad/sec. For simplicity, the integrator-to-
proportional gain ratio was set to 0.8, 1/5 of the nominal
outer-loop crossover frequency of 4 rad/sec.
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Fig. 25. Lateral-axis position hold (PH) control law
structure.

Outer-Loop Flight Control Design Specifications The
feedback gains, pr, Kp‘,y, K, ., and K, were tuned to
simultaneously meet a comprehensive set of stability and
performance specifications while minimizing actuator us-
age. Table 9 summarizes the specifications used for the PH
control law design and provides the constraints imposed on
each specification.

Table 9. PH Design Specifications

Description Source Constraint
Stability
Eigenvalues Generic LH.P.
Gain/phase margins AS94900 [4 dB /35 deg]
- Inner-loop
- Outer-loop
Nichols robust stab. margins GARTUER -
- Inner-loop
- Outer-loop
Performance
Eigenvalue damping ratio Generic >0.3
Crossover frequency Generic > 1 rad/sec
- Outer-loop
3.RMS Position Error Generic <05 ft
- CETI Turbulence
Max position displacement Generic <1ft
- 10 kt 1-cosine Gust
Actuator Usage
Actuator RMS Generic Minimize

- Process noise disturbance

Outer-Loop Optimization Strategy The performance-
based disturbance rejection requirements used in the design
of the PH control system were the 3-RMS position error
of the aircraft when subjected to CETI turbulence and the
maximum displacement of the aircraft due to a 10 kt 1-
cosine gust. A family of designs were generated by system-
atically reducing the maximum displacement requirement,
for both the lateral and longitudinal axes. In both cases,
the performance requirement was reduced until further re-
duction caused a violation in one of the pre-defined design
constraints.

Outer-Loop Flight Control Design Results During the
optimization process, a minimum maximum-displacement
to a l-cosine gust performance measure of 0.37 ft was
achieved in the lateral axis, while a minimum performance
measure of 0.50 ft was achieved in the longitudinal axis.

Figure 26 shows the lateral-axis broken-loop response,
broken at the actuator (Jyy), with a crossover frequency
of w, = 22.8 rad/sec, GM of 5.18 dB, and PM of 45 deg.
The outer-loop broken-loop response, broken at the roll ref-
erence command (¢r) is shown in Figure 27 and has a
crossover frequency of @, = 4 rad/sec, GM of 7.07, and
PM of 49.08 deg.
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Fig. 26. Lateral-axis broken loop response (broken at
the actuator, j,¢) of the optimized design.
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Fig. 27. Lateral-axis broken loop response (broken at
the roll reference command, ¢.r) of the optimized de-
sign.

Figure 28 depicts the lateral position response of the vehicle
when subjected to CETI turbulence and shows the effective-
ness of the PH controller, allowing the aircraft to maintain
position within 0.15 ft. In Figure 29, the lateral position
response to a 10 kt 1-cosine gust is shown with the vehicle
reaching a maximum displacement of the design value 0.37
ft. The remaining lateral and longitudinal PH design results
are summarized in Tables 10 and 11, respectively.
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Fig. 28. Lateral position response to CETI turbulence
of the optimized design.
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Fig. 29. Lateral position response to a 10 kt 1-cosine
gust of the optimized design.



Table 10. Lateral-Axis PH Control Law Design Results

Lateral-Axis Design
Attitude Loop

GM [dB] 5.21

PM [deg] 44.45

. [rad/sec] 22.97
Position Loop

GM [dB] 7.07

PM [deg] 49.08

o, [rad/sec] 4.0

pw [rad/sec] 10.13
Performance

min({) 0.30

3- RMS(ye) [ft] 0.14

- CETI Turbulence

Max Displacement [ft] 0.37

- 10 kt 1-cosine Gust

Table 11. Longitudinal-Axis PH Control Law Design
Results

Longitudinal-Axis Design
Attitude Loop

GM [dB] 4.37

PM [deg] 38.19

o, [rad/sec] 25.31
Position Loop

GM [dB] 7.12

PM [deg] 69.36

o, [rad/sec] 4.30

wgw [rad/sec] 10.90
Performance

min({) 0.30

3- RMS(xe) [ft] 0.11

- CETI Turbulence

Max Displacement [ft] 0.50

- 10 kt 1-cosine Gust

Outer-Loop Design Validation In order to flight validate
the PH design, broken-loop and closed-loop sweeps were
performed. Figure 30 shows an overlay of the lateral axis
broken-loop response (broken at the actuator/inner-loop)
obtained from flight data and from the analysis model used
for control law optimization. Again, great agreement be-
tween the two responses is seen around crossover.
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Fig. 30. Broken-loop comparison between flight data
and analysis model with optimized design.

Additionally, the closed-loop response obtained from
flight data and the analysis model is shown in Figure 31.
Excellent agreement is noted, validating the analysis model
and design implementation. Similar results were noted in
the longitudinal axis.
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Fig. 31. Position hold closed-loop response comparison
between flight data and analysis model with optimized
design.

Table 12 summarizes the PH control law design specifi-
cations with those obtained from flight, showing excellent
agreement and validating the analysis model and implemen-
tation of the control laws on the IRIS+.



Table 12. PH Control Law Design Specification Com-
parison with Flight Data

Design  Flight
Roll Axis
GM [dB] 5.18 -
PM [deg] 45.00  47.00
o, [rad/sec] 22.8 21.56
Max ygus [ft] 0.37 -
ww [rad/sec] 3.24 3.49
Pitch Axis
GM [dB] 4.37 -
PM [deg] 38.19 36.73
@, [rad/sec] 25.31 24.68
Max xgus [ft] 0.50 -
wgw [rad/sec] 3.33 3.61

Outer-Loop Flight Test Results The optimized PH de-
sign and the stock IRIS+ “Loiter” PH control system were
flown outdoors in 2-3 kts of wind with simulated CETT tur-
bulence. Because 1-cosine gusts could not be recreated in
flight, the 3-RMS position error was used to measure the
performance of each controller.

Figure 32 shows the resulting position response for both
the PBDR design and “Loiter” mode. A significant im-
provement can be seen in the PBDR design with a 3-RMS
position error of 0.28 ft in the lateral axis and 0.14 ft in the
longitudinal axis, an order of magnitude improvement over
the stock “Loiter” PH controller.
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Fig. 32. Position response from flight data, for both the
performance-based disturbance rejection design and
stock ““Loiter” control system in CETI turbulence.

Table 13 summarizes the 3-RMS position error obtained
from flight for both controllers.

Table 13. 3-RMS Position Error Comparison Between
Performance-based Design and Loiter Mode Mode

PBDR Loiter Mode

[£t] [ft]
3-RMS(ye)  0.28 3.85
3-RMS(x.) 0.14 3.13

Outer-Loop Discussion In the “Disturbance Rejection”
section it was shown that the aircraft’s position hold perfor-
mance is directly proportional to both the input sensitivity
(Sglm), with no PH augmentation, and the sensitivity func-
tion of the outer-loop (S,.;). Figure 33 shows the outer-loop
sensitivity function obtained from analysis for both the PH
PBDR design and the stock controller.
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Fig. 33. Outer-loop input sensitivity function analysis
model for the performance-based disturbance rejection
design and stock ‘“Loiter” control system.

As was the case for the input sensitivity without PH aug-
mentation (Figure 24), the magnitude of the performance-
based design is much lower than the stock controller within
the critical frequency range for disturbance rejection. The
lead compensator used in the PH controller allowed for a
design with larger gains, and consequently greater attenua-
tion in the outer-loop sensitivity function, while still meet-
ing imposed stability margin constraints. The combined at-
tenuation between Sy . and Sg_ yields the overall distur-
bance rejection characteristics of the system and is shown
in Figure 34.
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Fig. 34. Input sensitivity function analysis model for the
performance-based disturbance rejection design and
stock “Loiter” control system..

As expected, the overall response of the performance-based
PH design is greatly attenuated when compared to the
stock control system. From Bode’s Integral Theorem, it
is known that any attenuation of the sensitivity function at
a given frequency corresponds to an amplification at an-
other frequency (“water-bed effect”) (Ref. 18). Using a
performance-based design process allowed the optimization
to “transfer” the energy of the sensitivity function from the
lower frequencies where turbulence is active to higher fre-
quencies where the magnitude of the IRIS+ bare-airframe
dynamics and the disturbance shaping function roll off (Fig-
ures 7 - 8).

UAS FLYING QUALITIES REQUIREMENTS

Using a performance-based design approach, flight control
systems with various levels of disturbance rejection char-
acteristics can be developed. The performance of each de-
sign can in turn be correlated with existing flying qualities
specifications to provide flight control design guidelines for
UAS. The suitability of this approach in determining appro-
priate values for typical flying qualities is examined by us-
ing the four ACAH designs developed with increasing lev-
els of performance.

ACAH Metrics

The performance-based requirement used during the ACAH
flight control design was the 3-RMS attitude tracking error
to CETI turbulence. Designs with constraints of 4, 3, 2,
and 1 degree 3-RMS tracking error were developed, flight
tested with CETI turbulence, and the corresponding flying
qualities metrics were tabulated. Table 8§ compares the four
designed performance measures with those obtained from
flight. The excellent agreement between the designed and

flight values lends validity to the fidelity of the model-based
design and to the resulting flying qualities associated with
each performance measure.

Table 14. 3-RMS Attitude Error Comparison With
Flight Data

Design  Flight (9.,,) Flight (6,,,)
[deg] [deg] [deg]
1.00 0.94 1.00
2.00 2.03 1.89
3.00 2.99 3.09
4.00 4.12 3.92

Figure 35 shows the gain and phase margins for the four
designs superimposed on the stability margin specification
from SAE-AS-94900. As expected, an increase in distur-
bance rejection performance comes at the cost of reduced
stability margins with the most aggressive design having a
GM of 3 dB and a PM of 26 deg for both axes.
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Fig. 35. Stability margins for ACAH designs with in-
creasing levels of performance.

The crossover frequency @, for each design is shown in
Figure 36. A clear trend of increasing crossover frequency
for increasing levels of performance is observed with values
ranging from 15 rad/sec for the least aggressive design to
over 30 rad/sec.
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Fig. 36. Crossover frequency @, for ACAH designs with
increasing levels of performance.

Figure 37 shows the disturbance rejection bandwidth
oprp for the four designs and Figure 38 the disturbance
rejection peak DRP.

The attitude disturbance rejection bandwidth is the fre-
quency where the magnitude of the attitude sensitivity func-
tion (e.g., Sy¢ from Equation 5) is -3 dB. The criteria was
developed by the Aviation Development Directorate (ADD)
for full-scale, UH-60 sized rotorcraft (Ref. 10) and estab-
lished by correlating numerical values with Level 1 Cooper-
Harper handling quality ratings for the hover ADS-33E
Mission Task Element flown in turbulence. The attitude
disturbance rejection peak is the maximum magnitude of
the attitude sensitivity function.

Again, a distinct trend is observed. Increasing distur-
bance rejection bandwidth results in increased performance.
The DRB values obtained are approximately a factor of 10
larger than the current ADS-33 values for full-sized vehi-
cles.
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Fig. 37. Disturbance rejection bandwidth (DRB) for
ACAH designs with increasing levels of performance.
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Fig. 38. Disturbance rejection peak (DRP) for ACAH
designs with increasing levels of performance.

The -3dB bandwidth and peak magnitude of the input
sensitivity function Ss_ has also been used as a disturbance
rejection metric and has been refered to as the control equiv-
alent disturbance rejection bandwidth/peak (CDRB/CDRP)
(Ref. 19). Figures 39 and 40 show these two metrics. Simi-
lar to DRB and DRP, clear trends are seen for the bandwidth
and peak of the input sensitivity function.
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Fig. 39. Control equivalent disturbance rejection band-

width (CDRB) for ACAH designs with increasing levels
of performance.
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Fig. 40. Control equivalent disturbance rejection peak
(CDRP) for ACAH designs with increasing levels of per-
formance.

Figure 41 shows the integrator-to-proportional gain ra-
tio in percent of crossover for the 4 designs. For all four
designs, a factor of ~ 3/5 of . is seen, contrast to the 1/5
of w, rule of thumb.
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Fig. 41. Integral-to-proportional gain ratio in percent-
age of each design’s crossover frequency.

For the metrics shown, clear trends in their correlation
with disturbance rejection performance were noted. Each
metric alone, however, does not guarantee a certain level
of performance and it is important to examine a compre-
hensive set of specifications. Given a set of specifications
that accurately defines the flying qualities of a vehicle,
combined with defined performance requirements, a simi-
lar performance-based design approach can be used to de-
termine desired flying qualities for UAS.

PH Metrics

Using the inner-loop design corresponding to a 3-RMS of
2 deg, three outer-loop PH designs were developed with in-
creasing levels of performance. For the lateral axis, designs
imposing a maximum 1-cosine gust position displacement
of 0.37, 0.5, and 1.0 ft were developed. For the longitudi-
nal axis, performance measures of 0.5 ft, 0.75 ft, and 1.0 ft
were used.

The following figures summarize common flying qual-
ities metrics obtained from the three PH designs and are
intended to show trends and provide insight into typical val-
ues expected for similar type and sized UAS.

The outer-loop position disturbance rejection bandwidth
is the frequency where the magnitude of the position sen-
sitivity function (e.g., Syy from Equation 9) is -3 dB. Sim-
ilarly, the outer-loop control equivalent disturbance rejec-
tion bandwidth is the frequency where the magnitude of the
outer-loop input sensitivity function Sy, is - 3dB.
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Fig. 42. Outer-loop stability margins for PH designs
with increasing levels of performance.
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Fig. 43. Outer-loop crossover frequency o, for PH de-
signs with increasing levels of performance.
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Fig. 44. Outer-loop disturbance rejection bandwidth
(DRB) for PH designs with increasing levels of perfor-
mance.
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Fig. 45. Outer-loop disturbance rejection peak (DRP)
for PH designs with increasing levels of performance.
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Fig. 46. Outer-loop control equivalent disturbance re-
jection bandwidth (CDRB) for PH designs with increas-
ing levels of performance.
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jection peak (CDRP) for PH designs with increasing lev-
els of performance.

CONCLUSION

A flight control system for the IRIS+ quadrotor was de-
signed and flight tested to aggressively hold a position over
the ground in the presence of wind gusts and turbulence.
The following conclusions were noted:

1. For any control system with sequential loops, the re-
sponse of the outer-loop variables to a process dis-
turbance depends on the outer-loop sensitivity func-
tion and the inner-loop sensitivity function without the
outer-loop closed. This result was shown here for an
aircraft control system consisting of an inner attitude-
hold loop and an outer position-hold loop where the
position response to input disturbances (e.g., gust and
turbulence) is directly proportional to both the input
sensitivity function of the outer-loop Sy, and the in-
put sensitivity of the inner-loop S5, (s) without posi-
tion hold augmentation. Consequently, an aircraft’s
position hold performance is a function of its attitude
disturbance rejection characteristics.

2. In order to design a high bandwidth controller for the
IRIS+ quadrotor with acceptable disturbance rejection
performance, lead compensation is needed to provide
additional phase around crossover due to a lack of an-
gular rate damping in the bare-airframe dynamics.

3. Excellent validation between the analysis model and
flight data was seen in closed/broken-loop frequency
response overlays as well as in the comparison of
the3-RMS attitude/position tracking error in turbu-
lence. This reulst highlights the importance of accu-
rate bare-airframe and turbulence models for use in the

performance-based design process described in this
paper. When an accurate turbulence model is not avail-
able, values of typical attitude and position hold met-
rics (e.g., disturbance rejection bandwidth and peak)
were provided as a guideline. Typical flight con-
trol and flying qualities metrics were observed to be
roughly an order of magnitude greater than those for
manned-sized aircraft (e.g., UH-60).

4. The critical frequency range for disturbance rejec-
tion performance due to Control Equivalent Turbu-
lence Input (CETI) turbulence is 0.1 - 5 rad/sec for
the IRIS+ quadrotor. To maximize disturbance atten-
vation within this frequency range, an integrator-to-
proportional gain ratio of = 3/5 of the crossover fre-
quency @ is suggested.

5. Incorporating performance-based disturbance rejec-
tion (PBDR) requirements directly into the flight con-
trol design process allowed for the development of a
position hold controller for the IRIS+ quadrotor with
significantly improved disturbance rejection character-
istics over the stock control system. The quadrotor was
able to hold its position to within 3.5 inches with the
PBDR design, a factor of 13.5 improvement over the
stock position hold controller.
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