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The development is described of a rate-command system for the control of a novel unmanned vehicle, the baseline
model of which is highly nonlinear and presents fast and unstable open-loop modes. Structured singular-value
design methodology is used to achieve the desired command response characteristics under specified uncertainties
taking into consideration typical problems of small-size helicopters and ducted-fan vehicles such as rate-limited
servos and significant time delays. Two robust linear controllers are designed for the low- and high-speed subsets of
the operating envelope, and full-envelope flight control is achieved by switching between controllers as the threshold
airspeed is traversed. Following an analysis of scaling effects, controller performance is evaluated against rotorcraft
handling-qualities specifications. Flight control system development is assessed by piloted, hardware-in-the-loop
simulation in the full range of operating conditions, with the controller implemented in the flight computer and
pilot commands transmitted to the vehicle via radio link. Simulation testing also shows that the control system has
good turbulence gust rejection performance and is robust to significant variations of c.g. position.
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8¢ = collective control input
Sp = differential collective

D = blade pitch angle

7 = structured singular value
¢,60,¢ = roll, pitch and yaw angle
[/ = blade azimuth angle
Subscripts

com = command

H = at hovering

HS,LS = high and low speed

hg = high gain

U,L = upper and lower rotor
II'loo = infinity norm

I. Introduction

ROBUST full-envelope flight control system (FCS) for a

shrouded-fan uninhabited aerial vehicle (UAV) is developed.
The structured singular value p synthesis is used to address most of
the key challenges experienced in FCS design and implementation
for this class of unconventional UAVs and, in general, for small-size
rotorcraft. To account for the large variation of plant dynamics in the
range of operating conditions, two controllers are switched as the
vehicle flies across the design points. Validation of FCS is conducted
by pilot-in-the-loop flight simulation in a dedicated facility.

The tilting-type UAV, where forward flight is realized by thrust
vector deflection, has a maximum takeoft weight of 900 N and is
powered by three two-strokes, air-cooled engines each rated at 14 hp
at 11,000 rpm. Two counter-rotating, three-bladed rotors of 0.5 m
radius, operating at an angular speed of 3000 rpm are shrouded by a
doughnut-shaped airframe the external diameter of which is 1.8 m.
The design, shown in Fig. 1, is presented in detail in Refs. 1 and 2.

The vehicle uses collective and cyclic blade-pitch variation to
control thrust force and moment generated by the rigid, not flapping
rotors. Two independent swashplates provide blade-pitch control by
means of a set of six dual servos commanded by four channels for
collective pitch, longitudinal and lateral cyclic pitch, and differential
collective. The latter is used to unbalance total rotor torque so as
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Fig. 1 Perspective view of the UAV solid model.

Fig. 2 UAV prototype.

to generate yaw control moments.! Ground pilot control is realized
through a right-hand, three-axis joystick for pitch, roll, and yaw
commands, and a left-hand lever for vertical velocity control. The
UAV prototype, shown in Fig. 2, is currently in the final phase of
development after completion of flawless ground tests for rotor,
engine, and avionic systems, and constrained flight testing is being
planned as the next step.

Among ducted-fan vertical-takeoff-and-landing (VTOL) vehi-
cles, the design shares some analogies with the Sykorsky Cypher,?
where two coaxial bearingless rotors are driven by a Wankel-type
rotary engine located in the shroud. On the converse, differences are
quite significant in terms of size and configuration with respect to the
Micro Craft iSTAR microair vehicles (MAV)* that use a fixed-pitch
propeller for thrust generation while attitude control is realized by
actuated vanes.

Control system design for robotic and/or remotely piloted ro-
torcraft has been carried out extensively in recent years using a
variety of methods from classical control* to neural-based adap-
tive control.’ Small-scale radio-controlled (RC) rotorcraft represent
fairly demanding applications for control synthesis because of issues
such as poor modeling, high rotor speed (1000-1500 rpm) and rate
and bandwidth-limited servos. Usually, miniature helicopters, as for
instance the X-Cell.60 and the Yamaha agricultural vehicles R-50
and RMAX used for UAV research,’~® have a Bell-Hiller stabilizer
bar acting as a lagged-rate feedback system to introduce damping on
the fast attitude dynamics, and present marginally stable or unstable
translational dynamics at low speed with time constant of tens of
seconds.®

The influence of physical scale on performance characteristics
and flying qualities of miniature rotorcraft is investigated in Refs. 9
and 10. Scaling laws, based on a relatively small set of physical
parameters, are derived to classify the agility of a given rotorcraft
and, in turn, to provide design guidelines where suitability of the
class of vehicle for the envisioned application is taken into consid-
eration. It is demonstrated that stringent bandwidth requirements on
hardware (HW) components result from the overall faster dynamics
of small-scale rotorcraft.'®

The dynamic characteristics of the UAV addressed in this study,
evaluated for a model based on a preliminary design of the shroud,
are described in detail in Ref. 1. In short, the open-loop dynamics
presents a dominant unstable response in pitch as a result of the
large variation of aerodynamic pitching moment over the airspeed
envelope, which is also a primary source of aerodynamic uncer-
tainty. The large value of the pitching-moment derivative, typical
of ducted-fan configurations,'* makes the vehicle highly sensitive
to winds and turbulence. Additional uncertainty results from the
complexity inherent in the aerodynamic system because of the in-
terference between rotor and shroud flow,' and the approach adopted
for the generation/validation of the vehicle model where the analy-
sis of flowfield, carried out by numerical methods, is not supported
by wind-tunnel or whirl-tower tests.

In comparison with the aforementioned RC helicopters, inertia is
of the same order of magnitude as in the Yamaha R-50 while ro-
tor rpm is much higher, and the unstable pendulum dynamics have
time constants as low as 2 s at hovering because of the short ver-
tical distance between c.g. and rotor center.! Frequency separation
between translational and attitude modes is therefore small, such
that it would be difficult to treat the two sets of dynamics inde-
pendently or sequentially in FCS design. Further control problems,
common to miniature rotorcraft and ducted-fan vehicles, are ac-
tuator rate/position limits, significant delays associated with servo
dynamics and control HW (CPU, sensors, filters), and sensor vibra-
tion and drift.

Unlike helicopters, the axial symmetry of the shroud limits the
coupling between responses to longitudinal and lateral control in-
puts, but it is also the cause of practically negligible directional
stability and yaw damping, resulting from the absence of stabiliz-
ing surfaces. Moreover, some level of interference in the response to
vertical and directional commands is as a result of the servo arrange-
ment because the gear ratios in the upper and lower rotor linkages are
different. This problem is only partially alleviated by the introduc-
tion of interlinks between servo input signals to minimize coupling
resulting from pilot commands.

The control problem in ducted-fan configurations is basically
to provide attitude stabilization to highly unstable systems that
present significant variations in vehicle dynamics. Attitude con-
trol systems realized by the closure of classical single-input/single-
output (SISO) loops were successfully flight tested for a range
of vehicle sizes,* whereas a sliding multiple mode multiple-
input/multiple-output controller!! was shown to exhibit stability
and performance robustness superior to that of a classical SISO
design.

The main contribution of this paper is the definition of a control
design approach and the evaluation of a suitable solution for an orig-
inal VTOL configuration, where the typical, and aforementioned,
control issues of a category of small-size, rotary wing UAVs are
addressed in detail. Accordingly, the major design objective is to
realize robust controllers that can operate with limited degradation
of tracking performance in a wide airspeed range about the nominal
condition, thus avoiding the necessity of gain scheduled outer-loop
designs. The u-synthesis method'? is used because, in comparison
with other variants of H..-based methods, the calculated controller
achieves the prescribed performance specifications under the con-
sidered uncertainty structure. Also relevant in the selection of the
J-synthesis process was the fact that it accounts for the low band-
width of servos, realistic levels of time delay in the system, and high-
and low-frequency modeling uncertainties caused, respectively, by
neglected rotor/engine dynamics and plant nonlinearities together
with poor aerodynamic modeling.
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Robust control based on H,, and structured singular value'? de-
sign methodology has been extensively used in robotic rotorcraft
FCS design."? Unlike the case of H,, loop shaping,'* in which con-
troller structure is fixed if the frequency-dependent weights used to
shape the plant have identical structure, the technique produces dy-
namic controllers, the structure of which is not, in general, defined,
and the synthesis of a full-envelope FCS by individual point de-
signs and gain scheduling is a major problem. Conversely, a small
set of controllers can be defined, each covering a large subset of
the operating envelope, so that control activity is switched between
them as the vehicle flies across the boundaries of specified operating
regions. '’

In Ref. 16 a two-level approach was adopted, in which robust sta-
bility and uncoupled response are provided by a four-axis inner mul-
tivariable loop using rates p, ¢, r, and vertical velocity &, whereas
outer SISO loops realize the desired attitude-command attitude-hold
response type. Controller evaluation by u analysis showed accept-
able levels of robust stability. However, the inner-/outer-loop design
had some drawbacks, that is, 1) an unwanted coupling between yaw
and heave axes following heave velocity inputs at the inner level,
which is only partially solved by the outer loops for attitude hold;
2) an inherent complication in satisfying handling-qualities require-
ments because it is difficult to explicitly include in the design process
the coupling between inner and outer control loops; and 3) a poor
level of robust performance. This aspect is somewhat complicated
by the fact that the SISO loop gains would require scheduling to
account for the significant uncertainty of the nominal plant at flight
speeds different from the design point.

To address and possibly solve the aforementioned problems, the
synthesis of a new controller is undertaken, which, in principle,
shares some features of the original design such as the two-degrees-
of-freedom (DOF) structure,'”'® the fact that the dynamic charac-
teristics of the servos are taken into consideration in the synthesis
model of the platform and, finally, the use of u-design technique.
The two-DOF architecture, where reference and feedback signals
(angular rates and heave velocity) are separate inputs in order to
decouple the properties of the feedback loop (i.e., robustness) from
those of closed-loop command following, is less sensitive to distur-
bances and model uncertainty."

A rate-command control system, where angular velocities about
body axes proportional to command inputs are generated, is consid-
ered more suitable for remotely piloted operations. Rate-command
attitude-hold (RCAH) response type is realized by shaping the plant
with a filter with proportional-plus-integral (PI) action on the com-
mand input channels. Provided that the issue of the integrator pole
at the origin not handled by p analysis is addressed through an ap-
propriate definition of the weight on control activity, the PI element
allows the p controller to be designed as a whole without entail-
ing the more classic architecture based on an inner/outer structure.
According to the envisioned single-loop control and RC ideal step
response model, precise AH response cannot be achieved in the pres-
ence of random disturbances at plant input. This is a minor problem,
as we assume that a slow drift of attitude angles during flight in tur-
bulence can be easily controlled by ground operator commands or
autopilot loops.

Two linear controllers for the low- and high-speed subsets of the
operating envelope are designed, and smooth transition of actuator
commands during switching is obtained through the so-called high

gain approach.'> Of course, relaxed requirements on transient mo-
tion during switching, in comparison with manned vehicles, can be
acceptable for a remotely piloted vehicle.

Although important in principle, scaling of the handling-qualities
requirements is not easily applicable for the proposed rotorcraft. As
stated in Ref. 10, in which Froude scaling is applied to a model heli-
copter, an approach based on similarity requires that vehicles of dif-
ferent sizes share the main features of their configuration. In this re-
spect, the shrouded-fan configuration is considerably different from
a conventional helicopter in terms of both aerodynamics and mass
distribution, and this fact has immediate consequences on the scaled
configuration coefficients, when rotor radius is used as the represen-
tative length in the scaling procedure. This concept is demonstrated
in Table 1, in which the comparison discussed in Ref. 9 between
the Yamaha R-50 model helicopter and the UH-1H full-size vehicle
is extended to include ducted-fan vehicles, such as the MicroCraft
iSTAR* and the Sikorsky Cypher.> With respect to that study,” the
parameters related to blade flapping are not included, inasmuch as
they are not defined for the rigid rotors or propellers of most ducted-
fan UAVs. The rotor radius of our UAV is used as the reference length
R, for determining the scale factor N = R/Ry. Three columns are
associated with each vehicle. The first one (labeled Data) indicates
the actual value of the considered coefficients or geometric char-
acteristics, the second column (Scaled) reports the corresponding
scaled value (that is, the value obtained scaling the actual number
according to the similarity law reported in the second column of
the table), whereas the third one (Ratio) shows the ratio between the
scaled parameter and the corresponding value for our vehicle. When
the ratio is close to 1, the similarity is applicable and the smaller
vehicle can be considered as a scaled version of the larger one.

It is apparent that the Sikorsky Cypher® and the present rotorcraft
have similar values for all of the considered parameters, whereas the
scaled data of both miniature and full-size helicopters are largely
different from the data of our design. In particular, the ratios be-
tween scaled coefficients are considerably far from unity, with rotor
solidity and scaled vehicle weight being of a different order of mag-
nitude. Note also that the physical interpretation of Froude scaling
for the iSTAR MAV* is far from trivial as, for this vehicle, 1) the two-
bladed propeller has a much lower solidity than the aforementioned
configurations featuring counter-rotating rotors and 2) high-speed
forward flight is accomplished in a nearly horizontal attitude.

Evaluation of closed-loop performance of the UAV is therefore
carried out against the ADS-33E specifications for full-scale military
helicopters,? basically using the requirements as a reference for the
assessment of handling qualities rather than as design criteria. The
latter would require more fundamental questions to be addressed,
concerning the effect of transport delays in telemetry, type of display
used, and possibly ground operator modeling on attainable phase
margins for ADS 33E compliance.

To assess command response characteristics, analyze robust per-
formance under external disturbances and parameter uncertainty,
and to evaluate vehicle handling qualities in a realistic scenario,
flight simulations of the closed-loop system are conducted in
a operator/pilot-in-the-loop simulation facility.! The hardware/
software (HW/SW) components of the systems are a detailed non-
linear model of the vehicle running in real time, the ground control
station, and the flight computer. The latter is connected by radio link
to the ground station.

Table 1 UAV data scaling and comparison for N =R/R,

Scaling  Our UAV UH-1H R-50 Cypher iSTAR MAV

Parameter law data Data Scaled (Ratio) Data Scaled (Ratio) Data Scaled (Ratio) Data Scaled (Ratio)
Scaling factor N e 1 14.63 —— _ 307 — — 122 —— — 023 —— e

Rotor radius B, ft 1/N 1.64 24.0 1.64 (1.00) 5.04 1.64  (1.00) 2.00 1.64 (1.00) 0.375 1.64 (1.00)
Solidity o 1 0.30 0.046 0.046 (6.52) 0.05 0.05 (6.00) 0.30* 0.30 (1.00) 0.12 0.12 (2.50)
Weight W, 1b 1/N3 180 8000 255 (70.52) 150 5.17  (34.83) 300 16541 (1.09) 4 334.58 (0.54)
Rotor speed €2, rad/s JN 314 34 130 (2.41) 89 156 (2.01) 300 3313 (095 1780 851.2 (0.37)
Norm. thrust coeff. Cr /o 1 0.113 0.061 0.061 (1.86) 0.079 0.079 (1.43) 0.093 0.093 (1.21) 0.071 0.071 (.159)

2Parameter not available in the literature, estimated from vehicle drawings.
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In what follows, after a brief presentation of UAV model dynamic
characteristics, the design procedure is outlined in Sec. II, whereas
the control system performance is evaluated and discussed in detail
in Sec. III. A section of conclusions ends the paper.

II. Control Law Design

A. Vehicle Dynamics

Fast and unstable open-loop modes together with significant un-
certainty and variation of parameters as function of flight speed
represent the principal unfavorable dynamic characteristics of the
UAV model.! The root locus of the linear model vs trim speed in
the full range of level flight conditions (0 < V <30 m s™!) reported
in Fig. 3 shows that two divergent oscillatory modes, namely, lon-
gitudinal and lateral pendulum modes, characterize the low-speed
(0<V <12 m s7!) dynamics of the UAV and that, in the same
regime, the plant eigenstructure presents moderate variations for all
of the parameters but the coefficient of the imaginary part of the
longitudinal pendulum mode. Minor variations affect the frequency
of the lateral pendulum mode at low speed. More severe changes
occur at higher speed where the same dynamics degenerate into
exponentially unstable modes at V = 13 and 27 m s™! respectively
for the longitudinal and lateral phugoid, and the time constant of
the longitudinal mode increases with velocity up to the value of
12rads™'at V=30ms™'.

After linearization, the eight-state rigid-body dynamics of the
nominal plant G, used for control synthesis is written as

¥ =Ax+ Ba &)

where x=(u, v, w, 9,0, p,q,r)7 eR? is the state vector and
a € R is the vector of servo angular displacements.

As illustrated in Ref. 2, rotor-blade pitch angles are controlled
by two mechanically independent swashplate assemblies, each ac-
tuated by a set of three dual rotary servomotors through control rods
and linkages. Blade-pitch deflection is nonlinear with servo rotation
in a wide region of the vehicle operating range.

The servos accept pulse-width-modulation signals as reference
input and are modeled by second-order dynamics with natural
frequency w, =12.6 rad s~!, damping coefficient ¢ =0.85, and
a constant delay of 0.04 s caused by the pulse-width compara-
tor circuit. The control system generates the pseudocontrol vector
u= (8¢, 8z,84,8p)" €R*, the elements of which correspond to pi-
lot commands in traditional FCS of helicopters, namely, collective,
longitudinal, lateral cyclic, and directional input, respectively. To

a) 5 10 15 20 25

long. pendulum mode {
3k pitch subsidence __,

heavemode o

lat. pendulum mode {
roll subsidence ...

Im(x)) [rad s™]

20 25

5 10 15 ;
b) V [ms™]

Fig. 3 Root locus as a function of trim speed.

retain the physical meaning of controller output signals as effectors
for altitude, pitch, roll and yaw axes, the six actuator commands u;
are determined from a linear approximation of the relation between
blade pitch © and servo position a at hovering, in the form

@:G‘)H + Ea

where ® =[9y, 91" and 9= (¢, 91, 9,)7, the blade-root pitch
angle being ¥ = ¥y + ¥ sin ¥, + 9, cos ¥,. Next, E= (00 /da)y
while the vector @y = (%, ,0,0, 9y, ,0, 0)" gives the blade
pitch at hovering. Collective and cyclic pitch signals are translated
into blade pitch angles as

T
0= (5c + %51’7 84,8, 8¢c — %SP, 34, 53)

Therefore, the static matrix C that transforms the pseudocontrol into
u, is defined as

N
u, =E! |:NU]u:Cu
L

where

B. Design Process

The full-envelope FCS is based on the design of two robust con-
trollers, each operating in a subset of the UAV flight envelope and ca-
pable of retaining adequate stability and performance characteristics
in a rather wide range of level flight speed. As a result of the eigen-
value variation vs speed just outlined, the synthesis process is carried
out on the nominal models of the UAV obtained from the lineariza-
tion of the plant dynamics at trim speeds of 9 and 23 m s~!. Low-
and high-speed controller requirements are specified as follows:

1) Stability: Adequate margins shall be guaranteed for the stabil-
ity robustness, assessed by w analysis, against the considered level
of unstructured uncertainty. For SISO loops we should have gain
margin >6 dB and phase margin >40 deg. Stability robustness shall
be also checked against unmodeled dynamics at frequency higher
than 2 rad s!.

2) Bandwidth: For the gain crossover frequency, the requirement
is w,, between 2 and 4 rad st according to the transfer functions
specified in the ideal model. High values of w,. are impractical be-
cause of limitation on servo bandwidth as well as to avoid servo rate
and/or position saturation for disturbance rejection in the unstable
open-loop plant.

3) Disturbance rejection: Turbulence input bandwidth was es-
timated at 0.2 and 0.5 rad s~' at flight speed of 5 and 25 m s,
respectively. The specified closed-loop bandwidth is expected to
guarantee adequate attenuation of this low-frequency disturbance.

4) Noise rejection: Measurement noise shall be attenuated by a
factor of 0.1 at frequency of 314 rad s~!, that is, rotor rate, and
higher.

The design scheme adopted for both controllers K is shown in
Fig. 4, where r=1[h, p, q, r]lcom and n are, respectively, pilot com-
mand and sensor noise, y = [k, p, g, r] is the vector of measured
outputs, e is the error between the ideal response model and closed-
loop response, and w is the perturbation vector. Servo dynamics
[block S(s) with output [a, a]”] add 12 states to the airframe model,
whereas the block D(s) accounts for the first-order Pade approxi-
mation of the sum of servo delay and a 0.01 s computational delay,
which results from the specification of 100-Hz sampling time for
the controller implemented on the onboard digital computer.

The control objective is to find a linear, time-invariant, dynamic
controller K(s) such that for all perturbations Ay the closed-loop
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e
> M(s) W.(s) —
. z a
ideal model T T
w
unc a
™ Wr T +
. K(s) s Ky (9) | D(s) > C ralki®) > Gy(s)
delay pseudo— servo
commands  dynamics plant n
W, (s) *—
Fig. 4 Two-DOF closed-loop interconnection structure.
system is stable and the condition on performance robustness where
1Tl = | Fi[Fu (P, Ape), Klllao < 1 @) M= o de+D N
5s+1 s24+3.6s +4 0.5s + 1

is satisfied, where P(s) is the transfer function of the generalized
plant with input [w, r, n, ] and output [z, e, a, F, y], given by

0 0 O Wunc
~WprGoS,CDKey WpyMW, 0 —W,GyS,CDKpy
P=| W, CDKy 0 0 W,S,CDKp
0 W, 0 0
GoS,CDKp, 0 W,  G¢S,CDKp
3)
where [S,, S,]7 =S and
Aoy = diag{8{ 1, ..., 81, } : 8 € C )

Unstructured multiplicative uncertainty on the four input channels is
used to account for model variations as a function of flight speed and
poorly identified aerodynamic parameters. In particular, a suitable
set of uncertain systems L is given by

L={G(s):G(s)=Go()II+A(s)] AeC Aal=1} (5)
where G is the uncertain plant, Gy is the nominal plant and the
bounded uncertainty A, defined by

A =[G(s) — Go(5)]Go(s) ™" (6)
is expressed as
A(s) = Winc A(s) )

where A(s) is an unknown stable transfer function, such that
Al <1.

The Pl element is used, as usual, to increase low-frequency gain of
the singular values of the unaugmented plant and reduce the rolloff
at gain crossover. It also provides an attitude-hold response type, so
as to keep constant attitude with zero operator commands on angular
rates. The expression for the PI filter is

Kpi=[(s +10)/s1l4 4 3

where the unit proportional gain determines crossover frequency of
the open-loop plant at 4 and 12 rad s~! for the design points at 9
and 23 m s~', respectively.

The ideal model M(s) decouples the four input channels and is
expressed by the transfer functions

M = diag{M,, M>, M>, M5} ©

This results in a first-order dynamics on the vertical velocity and
yaw rate channels (M;, M) with time constants of 5 and 0.5 s,
respectively. The response on collective axis is rather slow as ex-
pected because 4 is an inertial variable, and a smaller value of the
time constant would be unnecessarily demanding for the controller
synthesis. As for the pitch and roll channels (M;), a second-order
dynamics with unit static gain was used, which represents a short-
period response with ¢ =0.9 and w, =2 rad s~'.

The input weighting function W, is a constant block intended to
scale the plant input, namely, the command signals, to 1. To this
end, it is

W, = diag(3, 7/18, /18, 7/18} (10)

that provides, as nominal conditions, maximum inputs equal to
3ms~!, and 0.174 rad s~! for the collective and angular rate axes,
respectively. Ground operator command signals larger than speci-
fied in the preceding weight function produce unwanted coupling
of response with a significant degradation of closed-loop system
performance.

The performance weighting functions Wp (s), used to weight the
error between the pilot commanded rate and that of the actual plant
response, are represented by low-pass filters so as to accurately track
the ideal model at low frequency. The transfer functions are given
by

Wp = diag{Wpl, sz, WP3, WPI} (1 1)
where it is
Kp (1 K
W, = (1 +5) , Wp, = P
(1 420s)(1 + s/40) = 14+ 10s
Kp
Wp,, = °
P T 14+ 10s

The gains used for the low-speed controller are Kp =80,
Kp, =190, and K p, =290, which specify a maximum tracking er-
ror at steady state equal to 0.013 m s~! on the / channel and 0.0053,
0.0034, and 0.013 rad s~! on p, g, and r channels, respectively.
For the high-speed controller the gains are slightly lower, that is,
Kp =70, Kp, =160, and K p, =260, resulting in steady-state er-
rors equal to 0.014 m s~! on the & channel and 0.0063, 0.0038, and
0.014 rad s~! on p, g, and r channels, respectively.

The weighting functions on control activity W, (s) are somewhat
specific for the present application because of the uncontrollable
pole in the origin in the transfer functions a(s)/u(s) and a(s)/w(s)
(Fig. 4) when the plant is shaped by a PI element and the actuator
position is included among the outputs of the interconnection struc-
ture. From the physical point of view, the choice of a nonzero static
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gain for the ideal (rate) response model on the three angular ve-
locity components, together with a constant weighting function for
the input channels W,, requires a nonconstant, steadily increasing
control action in case of a step input. Therefore, it is necessary to
disregard constraints on maximum actuator angular displacement,
and the issue of position saturation is to be addressed by an ap-
propriate definition of the ideal model, the characteristics of which
should prevent the controller from achieving maximum servo posi-
tion. The only limit on control activity that can be considered during
the synthesis process is the maximum slew rate of the rotary servos.
Therefore, the static weight

Wo = (1/1.75)6 6 12

is used to keep the actuator rate below the saturation limit of
1.75 rad s7!.

Next, the weight function W,, represents the noise model for the
sensors. Measurement errors ranging from 0.3 to 1.0% of maximum
expected value of vertical velocity at low and high frequency were
considered, respectively. As for the angular rates, the corresponding
levels are 1.6 and 5% of maximum value (nominal). In summary,
the weight matrix is

W, = diag{ W, W, Wo,. W, } (13)
where

W,, =0.03[(s +1)/(s +3)1, W,, =0.00087[(s + 1)/(s +3)]

After several trials, where the effects of either low-pass and high-
pass filters were evaluated, the weighting function of plant uncer-
tainty was set to a constant value?? as

Wine = 0.214 4 (14)

which can be regarded as a quantitative estimation of the perfor-
mance robustness margins with respect to model uncertainties. The
20% level of uncertainty represents a reasonable tradeoff as larger
values determine a higher than unity peak of the structured singu-
lar value in robust performance plots, whereas a reduction of the
weight degrades the model tracking characteristics of the controlled
plant in nonlinear simulation. The multiplicative form of the uncer-
tainty model produces an excessively conservative evaluation of the
performance robustness margin.

Control law synthesis is carried out in the framework of the D-K
iteration algorithm using the MATLAB® ji-Analysis and Synthesis
Toolbox.?* Controllers with 64 states were obtained, the order of
which was reduced to 34 states for the two designs through balanced
truncation and optimal Hankel norm approximation.>®

The p analysis shows that the low- and high-speed control sys-
tems have both robust stability (u peak values at 0.51 and 0.70,
respectively) and performance (u peak values are 0.90 and 0.85)
and that the order reduction has negligible effect on these charac-
teristics.

As a first analysis of control system against frequency-domain
specifications, Bode plots of single loops broken at plant input show
that gain and phase margins for both the controllers in design con-
ditions are higher, respectively, than 6 dB and 42 deg. Accordingly,
the minimum value of the stability margin

S—1
€ =max |n — e
stab K ” ”oo

is slightly larger than 0.3, which is considered good for the present
application.

Next, Fig. 5 shows singular values of the loop gain for the low
(Fig. 5a) and high-speed (Fig. 5b) controllers including the PI el-
ement, plotted against stability and performance barriers. Singular
values identified by dashed and continuous lines indicate the dom-
inant response associated to r, & and p, g inputs. The system is
required to have zero steady-state error on yaw rate r and rate-of-
climb response i (—20 dB/dec barrier at w <2 rad s~'). Note that
typical bandwidth requirements (about 4 rad s~!) used for full-scale
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Fig. 5 Singular values of the loop gain of GyS, CDKp1K.

helicopters?* are somewhat relaxed in the present design, as the min-
imum allowed value for the gain crossover frequency is at 2 rad s™'.
As for roll and pitch-rate responses, once low-frequency zeros are
cancelled by the PI element, the controller is able to achieve gains
higher that 23 dB over the frequency range of interest. Next, con-
sideration of rotor rpm sets the high-frequency barrier for noise
rejection of —20 dB at 314 rad s~'. Finally, requirement on stability
robustness at high frequency, where we assumed a reasonable model
accuracy up to 2 rad s~! with an unbounded growth at 20-dB/decade
rate,” provides the fourth barrier in the figures. It is apparent that
the loop-gain plots meet the specifications in most cases. In the
frequency range 30—100 rad s~!, stability robustness against high-
frequency model uncertainty is not guaranteed by the high-speed
controller.

C. Control Switching

To evaluate the FCS characteristics across the flight envelope, the
maximum values of w for robust stability and performance were
plotted as a function of airspeed. The results show that robust sta-
bility (1 < 1) is achieved up to 20 m s~ by the low-speed controller
K5 and in the range 2 < V <28 m s~! by the high-speed controller
K5, whereas the requirement on robust performance is satisfied for
0<V<19and 15<V <28 m s~! by, respectively, K; s and Kys.
Accordingly, feasible operating envelopes of K; s and Kyg were de-
fined, respectively, from hovering to 20 m s~! and from 13 m s™!
up to the maximum level speed of 28 m s~!, whereas the threshold
velocity, at which the switching logic transfers the control authority
from K g to Kys (or vice versa), is placedat V =16 ms™!. A4 ms™!
hysteresis on the switching speed is introduced to avoid the problem
of control chatter during transition.

Although the high-gain approach!® does not completely elimi-
nate the “bump” in the control action when the switching threshold
is traversed, this method was selected for the present application
because its implementation is more intuitive and does not require
any particular property on both the controllers and/or the plant.

The switching control logic is shown in the sketch of Fig. 6a,
where the two controllers work in parallel and the output of either
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K; s or Kys is selected as input to the plant, depending on V. The
block K, is a constant gain matrix given by Ky, = 614 4. According
to the high-gain approach,!’ we determined the maximum gain that
satisfies classic requirement for stability of the system presented in
Fig. 6b, where the output u of the offline controller K is requested
to track the output u,,, of the online controller. The feedback y and the
pilot reference signal r are regarded as disturbances. In particular, the
value of six for the gain provides closed-loop poles in the left-hand
plane and positive gain and phase margins of the open-loop SISO
transfer functions Uoft; /Uon;» Where the stable and exactly known
plant K is equal either to K g or Kys.

III. Evaluation of Performance

At this point, controller evaluation is conducted through the anal-
ysis of compliance of the closed-loop system with the specifications
in ADS-33E for the RCAH response type.?® As already said in Sec. I,
handling-quality requirements taken from ADS-33E specifications
were not scaled. The objective is mainly to assess the dynamic char-
acteristics of the vehicle against a reasonable—for the considered
application—set of reference guidelines. Then, command response
in selected situations is determined by real-time, hardware-in-the-
loop (HITL) simulation of the UAV motion.

Table 2 reports the values of bandwidth and phase delay parame-
ters, damping factor and coupling for the controllers. Further results
of control system analysis against ADF-33E requirements, in the
design conditions, are summarized in Table 3. It is apparent that, al-
though some improvement could be realized in those circumstances

Kis(S)

high-speed
controller

r— | v

""""""""" plant

& LEOS

low-speed
controller  y

Y

K(s) > Uy

off-line controller

b)

Fig. 6 Sketch of a) control system with switching logic and b) stability
analysis for controller conditioning.

in which level 2 response is obtained, standard specifications for
military helicopters are fully satisfied for a number of requirements.

FCS analysis is carried out in a HITL simulation facility?' us-
ing dSPACE processor board and related software for the UAV
simulation in real time. The system is built around a complete
nonlinear model of the vehicle developed in the Mathworks’
MATALAB/Simulink software environment. The model features a
detailed database for the aecrodynamic coefficients of the airframe -2
in the full range of variation of angle of attack, inflow velocity, and
flight speed. Identified dynamics of servos, sensor noise, and the
rpm governor that regulates the throttles of the three engines in or-
der to maintain a constant rotor rate?' are also incorporated in the
simulator. Atmospheric turbulence inputs are computed by a Dryden
model with a rather high intensity of 4 m s~! at 100 m altitude.

The control system, including K; s(s), Kus(s), and Kpi(s), is dis-
cretized using Tusting bilinear transformation at sampling frequency
of 100 Hz and implemented into the 266-MHz onboard computer in
PC/104 format. Control inputs are generated at the vehicle ground
control station that includes the operator console and the graphical
user interface (GUI), where flight data and the image of onboard
video camera are displayed. Telemetry uplink/downlink between
ground station and onboard PC is realized by wireless serial modems
communicating at 20-Hz data rate. As aresult, the system allows the
evaluation in the design process of the relevant effects of telemetry
delay and the characteristics of GUI used in the ground station.

Banked turn conditions as a result of roll rate commands are
obtained by feeding back to the controller the difference between the
actual angular rates and their values for a steady turn. This approach
proved to be effective in forward flight, whereas RC response type
is retained at very low speed (V <3 ms~!). During simulations, the
ground operator reported a satisfying level of handling qualities in
the full range of forward speed 0 <V <29 m s~! and no difficulty
for controlling the vehicle and suppressing disturbance caused by
atmospheric gust.

Table 3 Handling-quality evaluation

Requirement Result

Command tracking As stated in the specifications, the closed-loop
system shows satisfactory tracking
capabilities in the low-frequency range

In the low-speed range, 70% of the energy
of disturbances entering the system is filtered.
The disturbance rejection performance
decreases for high speeds, higher than
24 m s~!, providing only a 40% attenuation

Less than 1% sensor noise is transmitted
to the system output

Level 1 is achieved only on the pitch channel,
whereas level 2 response is obtained for
roll and yaw dynamics

Attitude-hold response type is obtained

Disturbance rejection

Sensor noise
attenuation
Attitude quickness

Attitude hold

Table 2 Handling-quality parameters for the two controllers

Low-speed controller

High-speed controller

Requirement Channel ©Oms™h Level 23ms 1 Level
Bandwidth ¢ BW=19rads™! 2 BW=18rads™! 2
and phase 7, =0.0032 s 7, =0.0033 s
delay 0 BW=2.1rads™! 1 BW=22rads! 1
7, =0.0027 s 7, =0.0023 s
W BW=0.5rads™! 2 BW=0.5rads™! 2
7, =0.0054 s 7, =0.0077 s
Damping Pitch =09 1 =09 1
factor Roll =09 1 =09 1
A A
Coupling Pitch to roll Pmax _ 0 249 1 Pmax _ 1 909, 1
Aemax A(9max
A Af
Roll to pitch ™ —1.67% 1 M —1.67% 1
Amax Amax
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Next, response analysis is carried out by nonpiloted simulations
using the same facility, where the required input profiles were im-
plemented in the control station software. Results of step response
show that the achieved values of &, p, ¢, and r tracks accurately the
ideal model with zero steady-state error and the uncoupling between
control channels is very satisfactory. For instance, at V =9ms™' a
commanded yaw rate of 10 deg s~' determines peak values of pitch
and roll rates less than 0.7 deg s~ ! whereas fora3 ms~! variation of
the climb speed the maximum angular rates are less than 0.4 deg s ™'

Figure 7 illustrates the response on the roll (Fig. 7a) and yaw
(Fig. 7b) channels to a singlet command. The RCAH response type
is evident, and the tracking of the command is satisfactory. Less
than 1 s is necessary for achieving the commanded roll rate. The
slight overshoot on the roll angle (about 3 deg) with respect to
the final attitude is in agreement with the ideal model, the output of
whichis accurately tracked by the augmented system. The yaw angle
response is very smooth and does not present any overshoot, but it
is also considerably slower than the response on the roll channel.

The response to a singlet on the pitch control channel, which
basically controls airspeed, starting from a hovering condition is
reported in Fig. 8. The simulation terminates at t =20 s, when the
vehicle achieves a forward speed of 27 m s~! (Fig. 8a). A slight
overshoot is present on both pitch attitude and rate (Figs. 8e and
8c). Clearly, the axial symmetry of the configuration together with
the same transfer functions in the ideal model produce quite similar
response characteristics about the roll (Fig. 7a) and pitch axes. The
threshold velocity is acquired at r =10.4 s, and the effect of con-
trol switching is visible on the control activity as shown in Fig. 8b
(10.3 <t <11.0 s), where the angular position of the upper rotor
servos is plotted, although the ¢ response is reasonably smooth
(Fig. 8c). Control axis coupling is very low as roll and yaw rates
(Fig. 8c) together with heave velocity remain negligibly small for
the whole duration of the maneuver and in spite of switching and the
significant variation of plant parameters in the full airspeed range
of the UAV.

Next, Fig. 9 shows the response to doublets on pitch (r =2.7 s)
and roll (t = 9) producing an airspeed variation from 10 to 21 m s~

20
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Fig. 7 Singlet response of attitude angles: a) roll axis (5 deg s~! for
4 s) and b) yaw axis (10 deg s~ for 5 s).
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Fig. 10 Effect of c.g. displacement from the nominal position.

(Fig. 9a) and the entrance in a turn at ¢ = 20 deg (Fig. 9¢). In spite
of the two-axis command input, a steady value of the roll angle
is precisely achieved with a limited overshoot, altitude variation is
negligible (Fig. 9f), and the lateral component of velocity is small
(lv] <1 m s~! in Fig. 9d), which is relevant considering the very
low level of directional stability of the axisymmetric vehicle. Note
also that servo angular displacement is moderate (£5 deg) for the
whole duration of maneuver.

Robust behavior of the control system is also tested under external
disturbances and uncertainties of system parameters. At airspeed
V =16 ms~!, attitude response to a simultaneous gust disturbance
on all three axes of the inertial system appears stable even though
damping is light in the roll axis. As expected, Euler angles present a
slow drift form the initial value because of the single-loop controller
structure.

Finally, model uncertainty is introduced by simulating longitudi-
nal (Ax == 0.15 m) and lateral (Ay = £ 0.2 m) offsets of the c.g.
with respect to the nominal position on the axis of symmetry of the
vehicle. In all of the considered cases, in spite of a significant varia-
tion of inertia matrix and trim conditions with respect to the design
point, the stability of the augmented vehicle is not degraded in the
reference flight condition, and, moreover, performances are only
marginally affected. As expected, the worst case is the backward
displacement of the c.g., and, in this respect, Fig. 10 shows the sim-
ulation of a doublet on the pitch channel that, from hovering, causes
the flight speed to increase up to 25 m s~! and then to drop back at
about 3 m s~!. The c.g. has a —0.15-m (backward) offset (equal to
30% of the rotor radius) with respect to its nominal position on the
symmetry axis of the vehicle. Plots of body axis velocity compo-
nents, attitude angles, and angular rates show that response is still
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satisfying even during the controller transition where the amplitude
of Euler angle perturbation is hardly visible. In the same situation,
that is, backward c.g. position, some degradation was observed in
banked turns performance. Lateral c.g. displacement affects perfor-
mance to a lower extent than in the previous case, and, in particular,
vehicle behavior in banked turns is only marginally affected.

IV. Conclusions

The full-envelope flight control system of a novel shrouded-
fan VTOL UAV was designed using the structured-singular-value
methodology. Two multivariable controllers were synthesized, for
the low- and high-speed operating envelopes, having the same two-
DOF structure and a four-axis ideal model where angular rates and
vertical velocity are the ground pilot commands. A simple tech-
nique is adopted to realize smooth transitions of plant input during
switching between controllers at the threshold speed.

RCAH response characteristics are obtained using a single-loop
design, where a proportional-plus-integral element is incorporated
in the controller structure to avoid such issues as bandwidth re-
duction and outer-loop adaption caused by attitude tracking perfor-
mance degradation in off-design conditions, which are frequently
encountered in two-loop control structures. By using this approach,
the issue of position saturation of servos is not directly addressed
in the controller design phase, whereas computer simulation of the
closed-loop system showed that, by an adequate selection of ideal
model and weight function on control activity, both actuator rate
and position requirements can be satisfied.

Each controller was evaluated against ADS-33E handling-quality
specifications and produces level 1 performance in most require-
ment. Level 2 performance on bandwidth and phase delay of roll
and pitch channels is not considered critical for the present appli-
cation. The FCS demonstrated good levels of handling qualities by
real-time, hardware-in-the-loop simulation testing. Disturbance re-
jection and robust performance in off-design conditions, that is, in
the full range of airspeed and for a relevant offset of c.g. location
with respect to design conditions is also at acceptable levels.
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