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Abstract– A Japan-EU collaborative project has been established to address innovative research topics in
aeronautics. The project aims to reconcile the diverse expertise in fault tolerant control and fault detection
and isolation from the European and Japanese partners. As the first step in this collaboration, a baseline
flight controller is designed by the University of Bristol for the lateral/directional motion of JAXA’s research
airplane MuPAL-α using the recent structured H∞ control design approach and under the same design
requirements as a previously designed JAXA model-matching controller. This baseline controller will be
used in the future to assess the fault tolerant capabilities of subsequent fault-tolerant controllers. This
article presents the control performance comparison between Bristol’s baseline controller and the previous
JAXA controller, as well as the performance degradation of the former in the face of artificial bias control
input and saturation in hardware-in-the-loop simulations.
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1 Introduction
Japan Aerospace Exploration Agency (JAXA)

has a fleet of research aircraft encompassing a fixed-
wing turbo-prop aircraft, a fixed-wing jet aircraft, and
a rotor craft. These aircraft have been used for var-
ious research topics, for example: handling quality
investigation [1], parameter identification [2], and In-
strument Flight Rules (IFR) flight examination [3].

In particular, a fixed-wing turbo-prop aircraft
named as MuPAL-α, whose figure is shown in Fig. 1,
has the ability to conduct various research topics
thanks to the flexibility of its experimental Fly-By-
Wire (FBW) system. Based on the strength of
JAXA on flight testing advanced control designs and
the availability of MuPAL-α, a Japan-EU collabora-
tive project has been established to investigate the
applicability of state-of-the-art Fault Tolerant Con-
trol (FTC) and Fault Detection and Isolation (FDI)
(for which the European partners have ample expe-
rience with industrial constraints and transfer). The
project is entitled “Validation of Integrated Safety-
enhanced Intelligent flight cONtrol (VISION)”, and
is funded by the European Union Horizon 2020 pro-
gram (EU-H2020) and Japan New Energy and Devel-
opment Organization (JP-NEDO).

In the first part of the project, the University
of Bristol (UK) and JAXA have focused on the de-
sign and validation of a baseline flight controller un-
der nominal conditions. This baseline controller will
be used for future assessment of FTC controllers.
The baseline flight controller is designed using the
structured H∞ approach, i.e. Matlab r©“hinfstruct”
command, which is based on non-smooth optimiza-
tion [4], and using the same design requirements as
in [5]. In addition to Hardware-In-the-Loop Simula-
tions (HILS) and flight tests, an examination of the
performance degradation of the baseline controller has
been performed with HILS under saturation and ar-
tificial bias input error faults in order to prepare for
a subsequent fault-tolerant control campaign.

This note shows the design method for the struc-
tured H∞ baseline flight controller, and the HILS re-
sults under fault.

The note is organized as follows: Section 2 de-
scribes the addressed problem, briefly reviews the de-
sign method shown in [5], and describes the adopted
control design method for the baseline controller.

Fig. 1: Research aircraft MuPAL-α

Then, the HILS results with the latter controller un-
der several fault scenarios are shown in Section 3. Fi-
nally, in Section 4, the summary are followed by the
brief description of our future plan.
2 Model-Matching Controller Design
2.1 Problem Definition

The plant to be controlled is the Lateral-
Directional (Lat/Dir)-motions around wings-level
flight at VTAS = 69.8 [m/s]. The design specifications
are as follows:

• Realization of gust suppression as much as pos-
sible under actuator modeling errors, and

• Realization of model-matching under actuator
modeling errors.

The plant dynamics have four states
[vi [m/s] p [rad/s] φ [rad] r [rad/s]]T (which re-
spectively represent sway inertial speed, roll rate, roll
angle, and yaw rate), one disturbance input vg [m/s]
(which represents sway wind gust), two control in-
puts [δa [rad] δr [rad]]T (which respectively represent
aileron deflection and rudder deflection), and four
outputs [va [m/s] p φ r]T (where va represents sway
air speed).

The control inputs are driven by onboard actua-
tors, whose dynamics are modeled as follows:

δa = exp(−Tas)
0.67

0.12s + 1
δac (1)
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Fig. 2: Controller structure to realize gust suppression
and model-matching simultaneously

δr = exp(−Trs)
0.74

0.07s + 1
δrc (2)

where Ta and Tr are uncertain delay times whose
bounds are identified as in (3) and (4)

Ta ∈ [0.06, 0.40] [s] (3)
Tr ∈ [0.06, 0.20] [s] (4)

The uncertain delays are represented by using
first-order Padé approximation models, and the de-
signed controllers should have robust performance
against the uncertain delays.

To achieve the above requirements, a feedback
controller, which achieves disturbance suppression un-
der supposed modeling errors, and a feedforward con-
troller, which realizes an approximate inverse system
of the closed-loop system comprising the plant and
the feedback controller, are designed in [5]. The con-
troller structure adopted in [5] is shown in Fig. 2.

Thus, the control design problem for the Bristol
baseline controller is defined as follows:

Feedback design Design a feedback controller K
which realizes disturbance suppression under ac-
tuator uncertainties.

Feedforward design Design a feedforward con-
troller F which approximately realizes the inverse
property of the closed-loop system comprising of
the plant P and the feedback controller K under
actuator uncertainties.

Minimization of number of states The designed
feedback and feedforward controllers should be
of less number of states than the controller in [5].

2.2 Previously Used Design Method
In [5], a low-order stabilizing feedback controller

K, i.e. first-order controller, is designed by using the
cone complementarity linearization algorithm, since a
low-order controller was preferred by the considera-
tion of the allowable numerical complexity for the on-
board computers. The feedback controller K is then
designed to satisfy the following requirement:

sup
ω∈R

μdiag(Δu,ΔpK
)(Gzw(jω)) < 1 (5)

with the block diagram shown in Fig. 3. In this fig-
ure, wu and zu are signals to represent uncertain de-
lays for onboard actuators, zp(= [φ r]T ) denotes the
performance output, yp denotes the measurement out-
put, ufb denotes the feedback controller output, Δu

and ΔpK respectively denote the uncertainty related
to the uncertain delay and the fictitious performance
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Fig. 3: Block diagram for feedback controller K
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Fig. 4: Block diagram for feedforward controller F

block, P denotes the plant model including the Lin-
ear Fractional Transformation (LFT) representation
for approximated delay models for the actuators, and
the weighting function W1 is defined as follows:

W1 = diag (1.44, 0.72) . (6)

Constant scaling matrices are introduced to obtain
controllers with reduced conservatism.

In [5], a full-order stable feedforward controller
F , i.e. 11-th order controller, is then designed to sat-
isfy the following requirement:

‖Gz2w2(s)‖∞ < 1 (7)

with the block diagram shown in Fig. 4 under the
nominal delay, i.e. Ta = 0.23 and Tr = 0.13. In
Fig. 4, Pn denotes the plant model including the nom-
inal delay models for the actuators, and the weighting
function W2 is defined as follows to realize the inverse
property of Pcl in the low frequency range:

W2 = I2 ⊗ 7.1
s + 0.35

. (8)

2.3 Adopted Design Method
A structured H∞ controller design approach

based on non-smooth optimization has been proposed
in [4], and its effectiveness has been demonstrated al-
ready by many design problems,e.g. [6, 7, 8].

The four main motivations for using structured
controller design approaches are: i) to keep the di-
mension of the controllers low by design, ii) to use
optimization algorithms to select the values of the
controllers, iii) to consider sets of models and/or de-
sign constraints, and iv) to specify the structure of
the controller. This method is used by the University
of Bristol to design its baseline controller (compris-
ing of individually designed feedback and feedforward
components) but focusing in this first part on the first
three motivations above.



For both controller components, the uncertain
time delay actuator models and the nominal Lat/Dir-
motion plant from [5] are used as well as the same
control objectives (see the previous subsection). In-
deed, the idea for the Bristol baseline controller is
to re-use the formulation and weighting functions
from [5] as much as possible but to employ the struc-
tured H∞ approach –it is noted that this is the first
time that such a type of controller is flight tested. A
departure from [5] is that for the design of each com-
ponent a set of three time delays are used simulta-
neously (set at the minimum, nominal and maximum
values of the ranges given in equations (3) and (4)).

For the feedback component, two design
weights are used: an output weight W1y =
diag(1.1, 1.1, 1, 1, 1, 1) (normalized to radians) and
an input weight W1u = diag(1, 1, 1.2). They are
pre/post- appended to the augmented plant consist-
ing of the Lat/Dir-motion plant (with gust input) in
series with the actuator and the uncertain time delay
models. A diagonal block matrix is then formed con-
densing all the weighted augmented plants (recall that
three different delay models are used) and finally the
Matlab r©“hinfstruct” command is used to obtain
the feedback controller.

For the feedforward component, a similar process
is used but the augmented plant does not have gust
inputs, includes the feedback controller component,
and only uses the following output weight on the per-
formance error channels:

W2 = diag (0.65, 1.2) ⊗ 7.1
s + 0.35

. (9)

For the feedback component, the method gives af-
ter 5 iterations a static controller (specifically, a gain
matrix with four inputs and two outputs) with a de-
sign γ of 1.09. While for the feedforward component,
after 6 iterations and a γ of 2.12, a 6 state controller
is obtained. Notice that the resulting Bristol baseline
controller is half the number of states of the JAXA de-
sign in which it is based (but also note that the design
difficult step of setting the design interconnection and
initial weights was performed during JAXA’s design).
2.4 Control Performance

To confirm the control performance, gain plots
from vg to [va φ]T are shown in Fig. 5 using the feed-
back controllers from [5] and that designed with the
hinfstruct command above. Even though the newly
designed controller is static, this figure confirms that
the control performances of two controllers are almost
the same.

Similarly, gain plots from w2 to [va φ]T are shown
in Fig. 6 for the full controllers from [5] and again for
the hinfstruct designed one. Similarly to the feed-
back controllers, even though the newly designed con-
troller is of only six-th order, the control performances
of the two controllers do not show large differences.

Thus, it is confirmed that the hinfstruct com-
mand (using almost the same design interconnection
and weights as previously) can be used to obtain valid
reduced-order controllers with almost similar perfor-
mance. This was also validated subsequently in nom-
inal conditions with HILS and flight tests.

3 Hardware-In-the-Loop Simulations
After confirming that the newly designed con-

trollers have adequate gust suppression as well as
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Fig. 5: Gain plots of from vg to [va φ]T (solid
black lines denote the closed-loop system with maxi-
mum/minimum delays for aileron and rudder chan-
nels, red line denotes the closed-loop system with
nominal delays for aileron and rudder channels)
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imum for aileron and rudder channels, red line denotes
the nominal delays for aileron and rudder channels)

model-matching capabilities, and in preparation for
subsequent fault-tolerant control design, we examine
the control performance degradation due to faults.

To this end, saturations and unexpected bias in-
put are introduced in HILS. The results are shown
in Fig. 7 and Fig. 8 for saturation, and are shown in
Fig. 9 and Fig. 10 for bias command. The duration
of faults are denoted by green lines.

In those HILS, the handling characteristics model
of B747 [9] is used; that is, the B747 handling char-
acteristics model is used as M in Fig. 2. During the
HILS, the pilot was requested to make steady turns
with 20 [deg] roll angle but during which failures (ar-
tificial bias input, or saturation) were introduced with
no notice given to the pilot.

Figs. 7 and 8 indicate that aileron saturation
mainly has an effect on roll angle control and that
rudder saturation mainly has an effect on yaw rate.
This property is very reasonable; however, the fault
effect is not very severe, which will not result in a
challenging objective for FTC controllers but might
be hard for FDI schemes.

Fig. 10 indicates that the artificial bias command
to rudder channel has a large effect for controlling



yaw rate and the effect does last for a long time.
On the other hand, Fig. 9 indicates that the artifi-
cial bias command to aileron channel has a certain
effect for controlling roll angle similarly to rudder
bias input failure; however the effects are sometimes
negligible. Thus, in a sense, the designed controller
has some fault tolerant property against unexpected
aileron bias input.

4 Summary and Future Work
In this note, a flight controller which simultane-

ously achieves model-matching and disturbance sup-
pression under supposed uncertainties related to the
onboard actuators has been designed using a novel
structured controller design approach. The designed
controller components (feedback and feedforward)
have comparable performance as a previously JAXA-
designed controller, and this has been confirmed
in Hardware-In-the-Loop Simulations (HILS). This
reduced-order controller will be used as a baseline
flight controller for Fault Tolerant Controller (FTC)
in EU-Japan collaboration project VISION.

The VISION project will continue up to the end
of February 2019. The plan is to design and validate
FTC and FDI schemes using several techniques, H∞
control, sliding mode control, adaptive control, etc.
The designed schemes using these methods will be
tested with HILS as well as under real flight conditions
to examine their practicality and robust performance.
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Fig. 7: HILS result for aileron saturation [−2, 2] [deg]
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Fig. 8: HILS result for rudder saturation [−2, 2] [deg]
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Fig. 9: HILS result for additinal bias input ±5 [deg] for aileron
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Fig. 10: HILS result for additinal bias input ±5 [deg] for rudder


