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Although robotic helicopters have received increasing interest from university, industry, and military research
groups, their flight envelope in autonomous operations remains extremely limited. The absence of high-fidelity
simulation models has prevented the use of well-established multivariable control techniques for the design of
high-bandwidth control systems. Existing controllers are of low bandwidth and cover only small portions of the
vehicle’s flight envelope. The results of the synergic use of high-fidelity integrated modeling strategies and robust
multivariable control techniques for the rapid and reliable design of a high-bandwidth controller for robotic
helicopters are presented. The project implemented and flight tested an H∞ loop shaping controller on the
Carnegie Mellon University (CMU) Yamaha R-50 robotic helicopter. During the flight tests, the CMU R-50 flew
moderate-speed coordinated maneuvers with a level of tracking performance that exceeds performance reported
in the publicly available literature. The authors believe that the results open the road to the implementation on
robotic helicopters of full-flight-envelope control systems for complex autonomous missions.

Introduction

I N recent years, a number of researchers have addressed the design
of controllers for robotic helicopters.1−9 A significant challenge

for the control of robotic helicopters is that there is no pilot to com-
pensate for deficiencies in the flight controller, and the reported con-
trollers have achieved quite modest performance: The flight modes
are limited to hover and low-speed straight flight, or they lose track-
ing accuracy considerably as the speed is increased and maneuvering
flight is attempted. A large set of design techniques, from classical
control to neural-based adaptive control, has been reported. Weilen-
mann et al.1 compared, on an indoor bench, several multivariable
techniques including H∞. The use of H∞ control for the design of
stability augmentation and guidance systems for fixed- and rotary-
wing aircraft has been, by itself, the subject of much research.

Because H∞ control can systematically handle uncertain and
multi-input/multi-output plants, it promises fast and low-cost de-
sign of good-performance flight-control laws. One of the effective
H∞-based design procedures is called H∞ loop shaping10 and com-
bines the traditional notions of bandwidth and loop gain together
with modern ideas of robustness into a single framework. Particular
advantages of the method are 1) the ease with which the controller
weighting functions can be tuned to give an appropriate system
bandwidth and 2) the use of a generalized stability margin that su-
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persedes gain and phase margins. (This is a dimensionless quantity
in which a margin of greater than 0.3 is considered good and less
than 0.2 unsatisfactory.) Furthermore, controller gain scheduling
and antiwindup are easily addressed in the H∞ loop-shaping frame-
work because an H∞ loop-shaping controller can be written as an
exact plant observer plus state feedback.11

The approach has now been used quite widely, and a consider-
able body of experience has been accumulated. To date and to the
best of our knowledge, H∞ loop shaping is the only type of H∞
control that has been flown on a piloted aircraft. A gain scheduled
H∞ loop-shaping controller flew on the U.K. Defence Evaluation
and Research Agency (DERA), now QinetiQ, experimental Harrier
aircraft in 1993 (Ref. 12). A fixed-gain two-degree-of-freedom H∞
loop shaping controller flew on the National Research Council of
Canada’s Bell 205 airborne simulator in 1997 (Ref. 13). A self-
scheduled linear parameter-varying H∞ loop-shaping controller
flew on DERA’s experimental Harrier aircraft in 1999 (Ref. 14).

In addition to the aforementioned flight tests, a fixed-gain two-
degree-of-freedom H∞ loop-shaping controller designed for the
Westland Lynx multirole combat helicopter15 and a fixed-gain inte-
grated flight and propulsion H∞ loop-shaping controller designed
for DERA’s experimental Harrier aircraft16 have been evaluated
in piloted simulation. All five control laws were designed in a
short amount of time according to AGARD, Gibson, MIL, and
ADS-33 specifications and performed satisfactorily, reinforcing our
view that H∞ loop shaping could indeed benefit the aeronautical
industry.

This paper focuses on the design and flight testing of an H∞ loop
shaping controller for a robotic helicopter. To the best of our knowl-
edge, this paper represents the first complete example of design and
test of anH∞ loop-shaping controller on any kind of robotic vehicle.
A main key to the success of the project has been the integration
of H∞ loop shaping with a high-fidelity simulation model. This
approach has the potential to decrease dramatically the develop-
ment time of adequate controllers for robotic helicopters. The paper
will show that the design complies to several specifications widely
used in the rotorcraft community. Finally, the paper will illustrate
the flight tests of a set of moderate-speed maneuvers for which the
tracking performance exceeds that so far reported in the publicly
available literature.
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Robotic Helicopter Model
The Carnegie Mellon University (CMU) Yamaha R-50 (Fig. 1)

is a small-scale helicopter designed to be remotely controlled by a
human pilot for crop-dusting operations. The R-50 has a two-bladed
rotor of 1.535-m radius with a Bell–Hiller stabilizer bar; dry weight
is 44 kg, and CMU’s instrumentation package adds 23 kg.

The model used is a modeling for flight simulation and con-
trol analysis (MOSCA) model.17 MOSCA is a modeling technique
that integrates first-principle and system-identification techniques
through the use of global optimization methods in the frequency
domain to yield high-fidelity linear and nonlinear models needed
for high-bandwidth control design and simulation. The safety pilot
flew the helicopter to obtain the frequency sweeps that the com-
puter code CIFER (comprehensive identification from frequency
responses) used to generate frequency responses18 employed by the

Fig. 1 CMU robotic helicopter.

Fig. 2 Hover comparisons: ——, flight tests and – · – · –, MOSCA linear model.

MOSCA modeling. The controller design employed a linear model
extracted at hover, whereas the simulation and evaluation used the
nonlinear model before flight testing. The model has 30 states: 9 for
the rigid fuselage motion, 6 for the main rotor (tip-path plane rep-
resentation), 4 for the stabilizer bar, 3 for the Pitt–Peters dynamic
inflow model,19 and 2 for each of the 4 actuators. Keller’s wake-
distortion parameter20 is included in the Pitt–Peters dynamic inflow
model to correct the typical off-axis mismatch found in many first-
principle models. Tail rotor dynamics are represented in a steady-
state solution form. Figure 2 shows a comparison at hover for the
CMU R-50 between selected flight tests and MOSCA linear model
frequency responses.

Controller Design and Implementation
Background Theory and Design Process

H∞ loop shaping, which was proposed by McFarlane and
Glover,10 is a sensible and appealing procedure for designing ro-
bust controllers.21 It is a combination of loop shaping22 and robust
stabilization and is described hereafter.

Step 1
Let G denote a linear time-invariant model of the plant for which

the controller is designed. Shape the singular values of G open loop
with frequency-dependent weights W1 and W2 according to closed-
loop objectives. The weighted plant Gs = W2GW1 is shown in Fig. 3.
What follows is a typical weighting scheme. W2 contains low-pass
filters for noise rejection and lead–lag filters for improving robust-
ness. W1 contains proportional and integral filters. The integrators
are used to boost the low-frequency gain and, thus, improve output
decoupling and tracking and disturbance rejection at both the plant
input and output. The proportional matrix gain is used to reduce the
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Fig. 3 H∞ loop-shaping standard block diagram.

Fig. 4 Singular values of shaped plant with and without H∞ con-
troller: – – –, σ(W2GW1) and ——, σ(W1K∞W2G).

phase lag introduced by the integrators around crossover and to set
the actuator usage. The overall gain of W1 and W2 is used to specify
the desired loop bandwidth.

Step 2
Maximize the inverse of the H∞ norm of the transfer matrix

from disturbances [w1, w2]T to errors [z1, z2]T over all stabilizing
controllers K∞, that is,

max
stab K∞

∥∥∥∥[
w1

w2

]
→

[
z1

z2

]∥∥∥∥−1

∞
= ε

The stability margin ε takes values in the interval [0, 1] and is a
measure of robustness and performance. A margin greater than 0.3
is considered good, based on theory and practical experience. The
tradeoff between model accuracy, robustness, performance, and the
stability margin ε is addressed in Ref. 21.

The theoretical basis for H∞ loop shaping is that K∞ does not
modify the desired loop shape Gs significantly at low and high
frequencies if the stability margin is not too small.10 Consider,
for example, Fig. 4. The synthesized controller K∞ achieves an
ε = 0.36, is essentially a lead–lag filter, and, indeed, does not mod-
ify Gs significantly. Therefore, the designer can define performance
objectives by shaping the open-loop model G with weights W1 and
W2.

Recently, well-established notions of robustness for single-
input/single-output systems have been related to the stability margin.
It was proved in Ref. 23 that the Nyquist or Nichols plot of any loop
transfer function that results from breaking the closed loop at one of
the actuators or sensors lies outside a region whose size is a function
of the stability margin (Fig. 5). Given the boundary of the region,
it is easy to show that the guaranteed single-loop gain margin and
phase margin are related to ε by

GM = ±20 log10[(1 + ε)/(1 − ε)], PM = 2 arcsin ε (1)

Thus, a stability margin of 0.35 guarantees gain and phase margins
of ±6.3 dB and 40.9 deg, respectively. In Ref. 23 the stability margin
is also related to a multi-input/multi-output robustness test popular
within the aeronautical industry.

Fig. 5 Guaranteed Nichols plot exclusion regions for ε= 0.3, 0.35, and
0.4.

Step 3
Check time simulations and frequency responses of the resulting

closed-loop system to verify robust performance. Iterations may be
required.

The controller structure implemented on the CMU R-50 is based
on an inner-loop and outer-loops architecture: The inner loop (Fig. 6)
provides stabilization and decoupling; the outer loops (Figs. 7 and 8)
are cascaded with the inner loop for velocity and position control.
All loop designs used H∞ loop shaping.

Inner-Loop Design and Analysis
The inner loop (Fig. 6) is an attitude-command attitude-hold re-

sponse type controller. References inputs are pitch attitude θ , roll
attitude φ, vertical velocity vz , and yaw rate ψ̇ . The same four vari-
ables were used for feedback. Pitch rate q and roll rate p were not
needed in the measurement set because the stabilizer bar already
acts as a lagged-rate feedback system.24

The oscillatory nature of the angular responses of the R-50 is due
to the lightly damped coupling mode between the rotor system and
the fuselage evident in the frequency responses of the angular rates
to cyclic control inputs (Fig. 2); the stabilizer bar is responsible for
the low damping of this mode.25

Given the absence of handling qualities requirements for small-
scale helicopters, the controller design began by trying to push the
bandwidth to be as high as possible while maintaining a good level
of robustness. The compilation of a handling qualities standard for
robotic helicopters is still an open argument: There are many ques-
tions about the kind of missions they will be asked to accomplish,
and there is no human pilot onboard requesting and evaluating a
set of specific dynamic characteristics. For flight-control problems
with mostly qualitative closed-loop specifications, (that is, very few
or none of the specifications are quantified, as would probably be
the case for an unmanned air vehicle, H∞ control can be used to
establish the achievable performance quickly. This is because H∞
control can systematically handle the multivariable and uncertain
nature of the aircraft.

In the H∞ loop-shaping framework it is easy to set the system
bandwidth, and, thus, the achievable performance would be deter-
mined by increasing the system bandwidth until robustness as quan-
tified by the stability multi-input/multi-output margin decreases be-
low the desired level. Furthermore, the use of a high-fidelity model in
the controller design provides confidence in the achieved robustness,
and it represents accurately the high-bandwidth and multivariable
effects that H∞ control exploits.

Although a higher level of performance (in particular agility and
maneuverability) is generally expected from small-scale helicopters,
the CMU R-50 is quite limited in achievable performance. Given the
original design aim of the vehicle (crop dusting at limited velocities),
together with the relevant payload added by the CMU instrumenta-
tion (50% of the machine’s dry weight) and the low bandwidth of the
actuators (15 rad/s), the use of a set of full-scale helicopters’ specifi-
cations may be justified. Nevertheless, comparisons with a subset of
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Fig. 6 Inner loop, K∞(0)W2(0) represents the (matrix) dc gains of K∞ and W2.

Fig. 7 Outer loops for vx and vy control.

Fig. 8 Outer loops for position control.

the specifications in ADS-33-E (Ref. 26) and MIL-F-9490 (Ref. 27),
which contain details about the specifications’ metrics, adopted in
the full-scale military-helicopter community, showed performance
satisfying the requirements with a large margin on the examined
bounds.

The requirements for the inner-loop controller are as follows:
1) Stability shall require all of the closed-loop poles to lie in the

left half of the s plane.
2) Closed-loop bandwidth ωbw shall satisfy level 1 target acquisi-

tion and tracking specifications, which are the highest levels achiev-
able for military rotorcraft in the ADS-33E specifications.

3) In single-loop analysis, gain margin shall be ≥6 dB and phase
margin ≥45 deg to guarantee a reasonable level of robustness.

4) Off-axis responses due to on-axis requests (φ/θr , θ/φr , and
ψ̇/vzr ) shall comply with level 1 aggressive agility specifications.

5) Responses to pulse disturbances injected directly at the in-
puts of the plant shall return to within 10% of the peak value in
10 s.

These requirements may still be relevant, because there are appli-
cations for unmanned helicopters in which a pilot will still perform
the guidance and navigation functions, for example, in filmmaking
or in some full-scale unmanned helicopters.28
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a) Channel θ

b) Channel φ

c) Channel vz

d) Channel ψ̇

Fig. 9 Bode plots for broken single loop with gain and phase margins.

The design used a diagonal weight W1 with integral action on all
the axes; W1 also contains zeros in the θ , φ, and vz axes to decrease
rolloff rates at crossover. The complete expression for W1 is

W1 = diag

[
1.52s + 4.57

s

2.23s + 6.7

s

0.52s + 1

s

1.45

s

]
(2)

Diagonal W2, with second-order low-pass filters, provided sensors
noise rejection on vz and ψ̇ . The complete expression for W2 is

W2 = diag

[
1.14 1.0

2795

s2 + 80s + 2500

2028

s2 + 80s + 2500

]
(3)

The diagonal gains of W1 and W2 are tuned to have crossover fre-
quencies of the open-loop system at 7 rad/s. Note that the resulting
controller will not be diagonal, even though the weighting matrices
are diagonal.

TheH∞ optimization gave ε = 0.362. Figure 4 shows the singular
values of the shaped hover model with theH∞ controller. The inner-
loop controller contains also an antiwindup loop (Fig. 6) based on a
classical scheme29: A diagonal system with integrators and simple
gains feeds back, to the output of W1, the difference between the
actual input to the plant and the output from W1. There are two
reasons for the presence of an antiwindup loop. First, W1 contains
integrators that, in case of actuators’ saturation, continue to integrate
the error signals causing windup problems (overshoot and rapid
degradation of performance). Second, the antiwindup loop ensures
a smooth transition (bumpless transfer) between human-pilot mode

Table 1 Bandwidth evaluations
with ADS-33E

Channel ωbw, rad/s ωbw, ADS-33E, rad/s

θ 5.6 ≥2.5
φ 9.08 ≥2.5

ψ̇ 6.4 ——

and computer mode conditioning the W1 while the controller is
offline.

Figure 9 shows Bode plots with gain and phase margins for single-
loop analysis; all of the loops satisfy the robustness specifications.

The ADS-33E target acquisition and tracking bandwidth require-
ments for the θ and φ channels depend on phase delay, which is
less than 0.22 s for the R-50 flight controller. The corresponding
bandwidths and specifications are listed in Table 1. In Table 1, ωbw

is the frequency where the phase � = −135 deg.
The ADS-33E does not specify ωbw for the vz and ψ̇ channels;

for the vz channel, it gives the desired speed of response for the vz

channel in terms of bounds on a time constant Tvz ≤ 5.0 and a time
delay τvz ≤ 0.2 in a first-order transfer function that matches the step
response of the vz channel. Our controller achieved Tvz = 0.22 and
τvz = 0.04, which satisfy the specified bounds and, thus, enabled the
controller to meet all of the inner-loop bandwidth specifications.

ADS-33E describes compliance with level 1 for aggressive agility
with bounds on 	θpk/	φ4 and 	φpk/	θ4 for roll and pitch axes:
The numerator is the difference between the values (peak within 4 s
and at trim) of the off-axis variable caused by a step change of the on-
axis variable. The denominator is the difference between the values
(at 4 s and at trim) of the on-axis variable. Table 2 lists the calculated
values and bounds. Off-axis specification on vz/ψ̇ transfer function
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Table 2 Interaxis coupling
evaluations with ADS-33E

Evaluation Value

	θpk/	φ4 0.08
	θpk/	φ4, ADS-33E ∈ ± 0.25
	φpk/	θ4 −0.08
	φpk/	θ4, ADS-33E ∈ ± 0.25

Fig. 10 Nonlinear normalized responses to square pulse disturbances.

requests the presence of a heading (ψ) hold controller. There was
no need to test this specification because of the ψ controller on the
outer loop.

The last specification is disturbances rejection. Figure 10 shows
the nonlinear normalized (with respect to the peak values) responses
for each of the four axes when sharp square pulses are applied
directly at correspondent plant’s input; they all clear the 10% bound
well before the 10 s required. The θ and the φ responses in Fig. 10
show oscillatory responses that are due to the damping reduction
of the coupled rotor/fuselage modes caused by the stabilizer bar.
Similar behavior is present in the closed-loop responses to step
references. In Ref. 3, the use of notch filters at the input of the plant
is proposed to compensate for the effects of the lightly damped
modes, that is, to alleviate the reduction in gain margin caused by
the resonances, as evident in Fig. 9b, and to avoid exciting the lightly
damped modes with fast attitude reference changes.

This choice, besides jeopardizing the robustness of the system
with the addition of phase delay at crossover, does not improve the
disturbance rejection problem; the effect of disturbances injected
at the actuators’ input is instead worsened. In fact, the disturbances
may still excite the lightly damped mode because they enter the plant
without being filtered by the notch filters, and any counteraction
of the high-bandwidth feedback controller at the frequency of the
underdamped mode is largely reduced by the presence of the notch
filters in front of the actuators. If the light oscillatory responses
to step reference inputs are of concern, the notch filters may be
safely introduced as prefilters at the input of the closed inner loop.
A more drastic but better solution would consist of removing the
stabilizer bar.3 However, removing the stabilizer bar would make it
very difficult for the safety pilot to fly the helicopter.

Outer-Loops Design and Analysis
The inner-loop closure makes available a high-bandwidth, robust,

and decoupled system with four inputs, θr , φr , vzr , and ψ̇r , and four
outputs, θ, φ, vz, and ψ̇ . The decoupling justifies the use of cascaded
single-input/single-output (SISO) outer loops to allow the helicopter
to fly a specified trajectory. Before the actual design procedure,
balanced model truncation30 approximated the closed inner loops.

The outer-loops structure uses and controls variables in a special
reference frame called the heading referenced inertial coordinate
system (HRICS). The HRICS has its origin fixed at the helicopter’s
c.g., and when ψ = 0, the x , y, and z axes are parallel to the Earth
frame. If θ = a1, φ = a2, and ψ = a3, the HRICS rotates by a3 around

Table 3 Gain and phase margins with
broken-loop analysis for velocity outer loops

Loop Gain margin, dB Phase margin, deg

vx 8.23 at 8.39 rad/s 38.07 at 2.74 rad/s
vy 7.64 at 13.2 rad/s 41.69 at 3.63 rad/s
vz 11.22 at 16.3 rad/s 55.11 at 4.53 rad/s

ψ̇ 9.64 at 8.04 rad/s 68.20 at 2.22 rad/s

the z axis of the Earth frame but maintains its z axis parallel to the
z axis of the Earth frame, that is, it is unaffected by θ and φ angular
motions of the helicopter. In the following discussion, the variables
for velocities and positions vx , vy , vz , x , y, and z are all assumed to
be in the HRICS.

The first two outer loops (Fig. 7) are closed on the θ andφ channels
of the inner loop. They allow control of vx and vy . For the vx and
vy channels, ADS-33E contains specifications only for the rise time
of their closed-loop response. The other general requirement is the
achievement of a good level of robustness measured by gain and
phase margin as in MIL-F-9490D.

For both loops, the crossover frequencies were 0.8 rad/s. The W1

weights for each loop have a proportional plus integral structure; the
W2 weights contain the same second-order low-pass filters of the
inner loop for noise rejection. The H∞ optimization gave ε = 0.374
for the vx controller and ε = 0.398 for the vy controller. Notice that
these margins refer to the open-loop systems obtained by breaking
the vx and vy loops at the θ and φ reference inputs of the closed inner
loop (Fig. 7). Table 3 lists, instead, gain and phase margins obtained
by breaking the loops at the plant inputs when the vx and vy loops
are closed. Note that the phase margins for the loops broken at the
longitudinal and lateral cyclic inputs of the plant do not satisfy the
requested bounds (phase margin≥45 deg). A possible remedy would
be to increase the robustness of the inner-loop design modifying W1

and W2, for example, adding lead–lag filters to decrease the phase
delay, or to reduce the bandwidth of the vx and vy loops, reducing
the gains in the respective W1.

Classical antiwindup loops are also present to prevent windup
of the integrators in the W1 weights caused by the limiters on
the requested attitude angles. Figures 11a and 11b show step re-
sponses for the two loops. The calculated rise times are Tvx = 2.64 s
and Tvx = 2.5 s, which satisfy the specifications in ADS-33E
(2.5 ≤ Tv ≤ 5.0). (ADS-33E defines the rise time as the time T nec-
essary to reach 63.2% of the steady-state value.) Figure 11c shows
the step response for vz used in the inner-loop section for Tvz and
τvz evaluation. This response was obtained with the vx and vy loops
closed, but simulation indicated that the evaluation of Tvz and τvz is
practically unchanged when leaving the vx and vy loops open.

With the closure of the vx and vy outer loops, the main inputs to
the systems become vxr , vyr , vzr , and ψ̇r (Fig. 7); these four channels
are utilized by the next four independent SISO outer loops to control
x , y, z, and ψ . The controller architecture gives also the possibility
to inject θr and φr for feedforward control and turn coordination.

The design of the four position outer loops is analogous to the
design of the vx and vy loops; x , y, z, and ψ loops are closed,
respectively, on vx , vy , vz , and ψ̇ (Fig. 8). Again, model reduction
on all of the transfer functions for example x(s)/vxr (s), preceded
the closing the four outer loops. The crossover frequencies were
0.6 rad/s for the x and y loops and were 0.8 rad/s for the z and ψ
loops. None of the W1 contains integral action because each loop
already has a free integrator. (Position is measured in the Earth
frame and then transformed in the the heading referenced inertial
coordinate system, such that x, y, and z are the integrals of vx , vy,
and vz . Yaw angle ψ is by definition the integral of yaw rate ψ̇ .) To
decrease the rolloff rate at crossover, the W1 weights for the x and
y loops contain lead–lag filters. The W2 weights are simply unity
gains. TheH∞ optimization gave the following values of ε: ε = 0.59
for the x loop, ε = 0.56 for the y loop, ε = 0.52 for the z loop, and
ε = 0.54 for the ψ loop.

Figures 11d–11f show step responses for the x , y, and ψ loops.
For the ψ channel, the ADS-33E requires ωbw ≥ 3.5 rad/s. With our
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a) Step vx

b) Step vy

c) Step vz

d) Step x, 20 m

e) Step y, 20 m

f) Step ψ, 90 deg

Fig. 11 Step responses vx, vy, vz, x, y, and ψ comparisons between flight tests and MOSCA linear model: ——, flight test and – – –, simulation.

Fig. 12 Turn, 360 deg, with 10-m/s steady wind.

controller structure (ψ controlled in the outer loop) it was impossible
to satisfy this specification without a decrease in robustness of the
design. The achieved ωbw is 2.5 rad/s. Because the Yamaha R-50 is
already equipped with an elementary yaw rate feedback system, a
sensible choice would be to eliminate the inner-loop control on ψ̇
and control directly ψ instead. This would allow ωbw for ψ to be
as high as the one obtained for ψ̇ (Table 1) without decreasing the
stability margins.

The compliance check for the specifications in ADS-33E for a
position-hold controller used the ψ response in Fig. 12. ADS-33E
specification for aggressive agility requires that a 360-deg yaw turn
be completed in less than 10 s, in steady wind of up to 18 m/s,
and maintaining the helicopter position within a 3-m-diam circle
at constant altitude. Because the wind during flight tests was not at
the level prescribed, a MOSCA nonlinear simulation was necessary.
The controller cleared the position and time bounds with a frontal
steady wind of 10 m/s. This wind speed is close to an upper limit
for the R-50; at larger wind speeds (≥15 m/s), the R-50 lacks tail
rotor power to execute the turn, that is, the helicopter stops turning
at ψ = 90 deg.

The controller architecture leaves the option of directly injecting
vxr ,vyr ,vzr , and ψ̇r for feedforward control (Fig. 8); it is also possible
to switch off any position outer loops in case they are not needed to
fly a particular maneuver, for example in straight forward flight the
x loop is switched off because the request is on vx .

Controller Implementation
Controller design and reduction used the MATLAB� μ-Analysis

and Synthesis Toolbox.31 After the reduction, a Tustin bilinear trans-
formation discretized the controller with a 100-Hz sampling fre-
quency. A ground laptop enables updating of gains, weights, filters,
and H∞ controllers, in flight, without landing the helicopter. After
any modification, an ad hoc utility recomputes the new state-space
matrices with their dimensions for all of the loops and sends them to
the onboard computer through a wireless ethernet connection. Then,
the operator or the safety pilot switches in the new controller. More
drastic modifications are also possible. In fact, an implemented in-
terface of the high-fidelity nonlinear simulation software MOSCA
with MATLAB enabled the following procedure: 1) Modify the he-
licopter configuration on the field. 2) Update the model. 3) Recom-
pute the controller. 4) Test the controller with nonlinear simulations.
5) Fly test the new system. Possible reconfigurations of the vehicle
include, for example, different payloads or weights redistribution.

This aspect is of primary importance because a general criticism
of multivariable techniques has always been the difficulty in modi-
fying and tuning the elements of the controller. Once the controller
architecture is fixed, H∞ loop shaping with automated code gen-
eration and high-fidelity simulation models allows the designer to
utilize classical loop shaping experience for quick and reliable tun-
ing of the original design. The flight tests tested this procedure. The
original outer-loop crossover frequencies were too high and caused
undesirable fast attitude changes in the presence of wind gusts. Af-
ter switching in the baseline controller, the gains of the outer-loops
W1s were modified, and a special utility was used to rebuild the
whole controller. The new controller was flight tested again without
having to land the helicopter.

Flight Tests
The goals of the flight tests were 1) to check the overall perfor-

mance and robustness of the system and 2) to gain confidence in
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flying a set of maneuvers limiting the tracking error within accept-
able bounds. The maneuvers were the following:

1) In the forward coordinated turn, the helicopter starts at hover.
The operator commands a 6-m/s step in vx . The helicopter flies on a
straight line until the operator commands a turn. All of the loops are
engaged except the x position loop because the request is on vx . The
turn trajectory is a circle of 10-m radius R. Once the operator issues
the turn command, the helicopter flies the turn while maintaining
vx = 6 m/s, vy = 0, constant altitude, and ψ̇ = vx/R. The y loop is
engaged to drive the horizontal tracking error to zero.

2) The backward coordinated turn is similar to the forward coor-
dinated turn with vx = −5 m/s.

3) In the nose-out pirouette, the helicopter starts at hover. The
operator commands a −4-m/s step in vy . The helicopter flies side-
ward on a straight line until the operator commands a turn. All of
the loops are engaged except the y position loop because the request
is on vy . The turn trajectory is a circle of 10-m radius R. Once the
operator issues the turn command, the helicopter flies the turn while
maintaining vy = −4 m/s, vx = 0, constant altitude, ψ̇ = vy/R, and
pointing the tail toward the center of the circle. The x loop is engaged
to drive the horizontal tracking error to zero.

4) The nose-in pirouette is similar to the nose-out pirouette with
vy = 4 m/s and helicopter’s nose toward the center of the circle.

To analyze the data correctly, some comments on the flight tests
are needed. The controller was designed for hover operations. Wind
gusts of 4–7 m/s were present throughout the tests. Trajectory de-
signs were not intended to be easy to follow, but to test the controller
in limiting cases. All of the turn trajectories would require the he-
licopter to be able to follow, exactly, step changes in attitude and
yaw rate to achieve zero tracking error. The operator issued the
turn commands following the indications of the safety pilot because
these maneuvers were never flown before, and the maximum level
of confidence to the safety pilot was essential. The safety pilot relies
only on his vision to estimate the flying speed, and it was noticed
later that the pilot asked to start all of the turns before the helicopter
reached a steady straight flight.

Nevertheless, the tracking performance was quite remarkable,
especially considering that, to the best of our knowledge, no other

a) Horizontal flight path: ——, desired flight
path and – · – · –, flight test

b) Vertical flight path: ——, desired flight path
and – · – · –, flight test

c) vx, vy, and vz

d) – · – · –, θ; ——, φ; and - - - -, dψ/dt

e) Controller outputs: ——, δlon; – · – · –, δlat;
- - - -, δcol; and · · · ·, δped

f) ψ

Fig. 13 Forward turn, two dotted vertical lines delimit hover, straight, and turn flight.

small-scale robotic helicopter has ever flown any coordinated turns
at similar speeds. Figure 13 shows the results for the forward co-
ordinated turn. The two dotted vertical lines in Figs. 13c–13f mark
the instants when the operator commands straight and turning flight.
The horizontal error is less than 2 m, whereas the vertical error is
less than 0.3 m. The presence of a constant wind can be clearly seen
in Fig. 13c; vx oscillates with a period equal to the time needed to
complete a 360-deg turn. (The completion of the 360-deg turns are
marked by the horizontal lines in Fig. 13f. Thus, the constant wind
acts as a sinusoidal forcing term.

Figure 14 shows the results for the nose-out pirouette. The two
dotted lines have the same meaning as just described. The hori-
zontal error is less than 1 m, and the vertical error is less than
0.2 m.

Videos of the maneuvers in Figs. 13 and 14 and of all of the
other described maneuvers can be found online at URL: http://www.
roboticflight.org.

Loading Analysis
Some of the robotic helicopter’s missions will require extra pay-

load that was not taken into consideration during the controller de-
sign. For example, a video camera will be mounted on the helicopter
for reconnaissance and filming missions, and some long-distance
missions will need extra fuel tanks. This section analyzes the ef-
fect of extra payload on the robustness of the inner-loop controller.
The robustness of the inner-loop controller will be quantified using
single-loop gain and phase margins. The objective of the analysis is
to generate loading plots that will enable the helicopter’s operator
to add extra mass to the helicopter safely.

The first step of the analysis procedure is to generate a linear time-
invariant (LTI) model of the helicopter for each loading configura-
tion. Two point masses, m1 and m2, were added to the helicopter at
coordinates (x, y, z) and (x, −y, z) with respect to the nominal c.g.
of the helicopter, where x, y, and z are positive forward, starboard,
and downward, respectively. The procedure used the assumptions
that m1, m2 ∈ [0, 5] kg, x ∈ [−0.2, 0.6] m, and y, z ∈ [0, 0.4] m and
that the grid had 6912 configurations. For each loading configu-
ration, it was straightforward to calculate the new mass, c.g., and
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a) Horizontal flight path: ——, desired flight
path and – · – · –, flight test

b) Vertical flight path: ——, desired flight path
and – · – · –, flight test

c) vx, vy, and vz

d) – · – · –, θ; ——, φ; and - - - -, dψ/dt

e) Controller outputs: ——, δlon; – · – · –, δlat;
- - - -, δcol; and · · · ·, δped

f) ψ

Fig. 14 Nose-out pirouette, two dotted vertical lines delimit hover, straight, and turn flight.

Fig. 15 Loading plot for adding two fuel tanks of different mass (asym-
metric loading) at x = 0.02 m: εμ vs y and z at x = 0.02 m with m1 = 5 kg
and m2 = 1.67 kg.

moments of inertia of the helicopter and to generate an LTI model
using MOSCA.

The second step of the analysis procedure is to compute the single-
loop gain and phase margins for each loading configuration. Instead
of breaking the closed-loop system at each actuator and sensor and
calculating the gain and phase margins of the resulting transfer func-
tion, the algorithm computed lower bounds of the worst-case single-
loop gain and phase margins. The optimization used to calculate the
lower bounds is computationally efficient and does not typically
result in conservative lower bounds for robust closed-loop systems.

Let G	 denote the helicopter model at some loading configuration
and let K denote the inner-loop controller. The optimization solved
is

max
D

∥∥∥∥D

[
I

K

]
(I − G	K)−1[I G	]D−1

∥∥∥∥−1

∞
:= εμ (4)

The lower bounds of the worst-case single-loop gain and phase
margins are obtained by substituting εμ into Eq. (1). The power of

Eq. (4) lies in that εμ is also related to a multi-input/multi-output
robustness test. See Ref. 32 for a more complete explanation of
how εμ is related to single-loop and multiloop gain and phase mar-
gins. Note that optimization (4) is straightforward to solve using
commercial software, for example, using the μ-tools command mu
(Ref. 31).

Figure 15 shows a typical loading plot. It is evident from Fig. 15
that adding two extra fuel tanks of different mass at x = 0.02 m
anywhere in the y–z plane considered does not decrease εμ signif-
icantly from its nominal value. The worst-case εμ is 0.274, which
corresponds to lower bounds of 4.88 dB and 31.8 deg.

Conclusions
The synergic use of a high-fidelity simulation model and the H∞

loop shaping design method proved to be an effective strategy for the
rapid and reliable development of a high-bandwidth controller for
a robotic helicopter. The design process took only six work months
from initial analysis to flight tests. The authors foundH∞ loop shap-
ing to be more intuitive than other H∞ controller design methods.
It was possible to explore quickly the design space and understand
what level of closed-loop performance was achievable from the sys-
tem. Classical notions of bandwidth and loop gain allowed choices
on performance and robustness tradeoffs.

The synthesized high-bandwidth controller easily satisfied a set
of handling-qualities specifications that are a standard in the full-
scale military-rotorcraft community. The implementation of the con-
troller on the onboard computer was straightforward. Furthermore,
integrating all of the tools used in the design automated the whole
process from controller modification to flight test, making it possi-
ble to tune the controller in flight. The new controller was capable of
flying several moderate-speed coordinated maneuvers that consti-
tute an important step forward in small-scale autonomous helicopter
control. The new method also enables analysis of the effect of typ-
ical extra-loading conditions on the robustness of the controller.
The approach has the potential to lead naturally to the development
of a high-bandwidth full-flight-envelope controller for autonomous
operations.
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