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QFT-Based Robust/Fault-Tolerant Flight Control Design for a Remote Pilotless
Vehicle

Shu-Fan Wu, Michael J. Grimble, and Wei Wei

Abstract—Quantitative feedback theory (QFT) was applied
successfully to enhance the robust stability and tracking perfor-
mance of the pitch flight control system for a remote pilotless
vehicle (RPV), within its full flight envelope. The influence of
control surface loss or damage to the dynamic derivatives of
the aircraft model can be treated as an extension of the model
uncertainty robustness problem. QFT is applied to the analysis
and design of the fault tolerant flight control system allowing for
possible control surface damages.

Index Terms—Fault tolerance, flight control, quantitative feed-
back theory (QFT), robustness.

I. INTRODUCTION

ECENT control design research has concentrated on the

development of control systems that are robust to plant
variations and parametric uncertainties. These robust control
techniques are particularly useful for the design of aircraft flight
control systems (FCSs), partly because aircraft dynamics vary
substantially throughout the flight envelope. Variables such as
airspeed, flight altitude, fuel consumption, and the amount and
location of payload, can have a dramatic effect on the aircraft’s
model parameters and even on the model structures.

One approach to designing robust control systems is through
the use of quantitative feedback theory (QFT), which was devel-
oped by Horowitz [1] in the early 1970s and has attracted con-
siderable interest over the last two decades [9], [10]. QFT is a
frequency domain-based design technique where the controllers
can be designed to achieve a set of performance and stability
objectives over a specific range of plant parameter uncertainty.
The QFT approach (unlike Ho, and LQG control) is based on
classical ideas of frequency domain shaping of the open-loop
transfer function. It also differs in the way that uncertainties are
characterized [6].

In the last ten years, the application of QFT in FCS design
has been studied extensively [2]-[6]. Much of this flight control
research was supported by the Air Force Research Laboratory
of Wright-Patterson Air Force Base, Dayton, OH [2]-[5], which
has culminated in the design and first successful flight testing of
a QFT FCS.

This paper is organized in six sections. Section II outlines the
QFT design method. Section III describes the original pitch FCS
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Fig. 1. A canonic two degree-of-freedom feedback structure.

of the RPV considered. Section IV describes the robust FCS
design process. Section V discusses the fault-tolerant FCS when
the elevator surface damage is considered. The conclusions are
summarized in the last section.

II. QUANTITATIVE FEEDBACK THEORY

QFT is a robust control design technique that uses feedback
of measurable plant outputs to generate an acceptable response
from a system in the face of disturbance signals and structured
plant modeling uncertainty. Specifically, it employs a two de-
grees-of-freedom control structure which uses output feedback,
a cascade compensator G(s), and a prefilter F(s) to reduce the
variations of the plant output due to plant parameter variations
and disturbances, as shown in Fig. 1. A fixed sensor dynamics,
H(s), in the feedback loop is considered here for more general
cases. The QFT method takes into account quantitative informa-
tion on the plant’s variability, the robust performance require-
ments, tracking performance specifications, the expected dis-
turbance amplitude and its attenuation requirements. The com-
pensator is designed to ensure that robustness and disturbance
rejection requirements can be met. The prefilter is then used to
tailor the step response to meet the control specifications.

The QFT designs are undertaken with the Nichols chart, a
plot of phase as abscissa and log magnitude as ordinate, both pa-
rameterized by frequency. Because a whole set of plants, rather
than a single plant is considered, the magnitude and phase of the
plants (at each selected frequency) yields a set of points on the
Nichols chart, instead of a single point, which form a connected
region, or so-called remplate. Larger templates indicate greater
uncertainty. These templates are then used to define regions (or
so-called bounds) in the frequency domain where the system
open-loop frequency response must lie. The stability bounds are
calculated using these templates and the phase margin. The per-
formance bounds are derived using the templates and the upper
and lower limits on the frequency-domain responses. The upper
limit of the disturbance bounds is derived based on the distur-
bance rejection specifications.

1063—-6536/00$10.00 © 2000 IEEE
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TABLE I
FLIGHT CONDITIONS CONSIDERED IN THE FULL FLIGHT ENVELOPE

Flight Cond. 1 2 3

4

5 6 7 8

Speed (m/s) | 86.31 229.61 220.58

139.62

137.28 | 207.61 90.61 74.07

Altitude(m) 1.51 3564 5069

975.3

493 602 1440 360

Weight(kg) | 2359.4 | 2313.85 | 2268.52

222297

221893 | 2142.79 | 1548.87 | 1527.54

The compensator is determined through the loop shaping
process, using a Nichols chart that displays the stability, per-
formance, and disturbance rejection bounds. The disturbance
rejection and tracking action of the compensator is based
on keeping the loop transfer gain above the disturbance and
tracking performance bounds on the Nichols chart. The stability
performance is achieved by keeping the loop transfer function
outside the corresponding stability bounds at appropriate
frequencies [6]. During the loop shaping process, modifying
the poles and zeros of the compensator produces immediately
visible results, enabling the designer to examine the tradeoffs
between compensator complexity and system performance [7].
Finally, the prefilter design is conducted using a Bode diagram
to shape the closed-loop frequency response, so as to satisfy
the tracking performance requirement. A detailed description
about the principle and design procedure is recommended to
the reference [6].

QFT was devised to design robust controllers for highly un-
certain, linear time invariant (LTI), single-input/single-output
(SISO) systems. Recent research has extended the technique to
handle multiinput/multioutput (MIMO) [9], nonlinear and time
varying plants [10]. MIMO systems are mathematically decom-
posed into their multiinput/single-output (MISO) counterparts,

where the coupling between the channels is treated as a dis- ,

turbance that needs to be rejected. A beneficial byproduct of
MIMO QFT design is the approximate decoupling of the re-
sulted closed-loop robust control system.

III. PrrCcH FLIGHT CONTROL SYSTEM

The CK-I series of unmanned aircraft was developed in the

early 1980s by Nanjing University of Aeronautics and Astro-
nautics (NUAA) for multiple applications, and has been put into
many practical and special applications successfully in the past
two decades. The pitch attitude FCS redesign with QFT is con-
sidered in the following. The simplified short-period dynamic
model, linearized with small perturbations, has following form

[8]:

(D + ng2)Aa — (D + ng3)Af = —n9sAS, o
('I”L()QD + nsg)Aa + (D2 + ’I?.330)A0 = —n34Ab,

where
4 pitch attitude angle;
a attack angle;
Ab.  elevator deflection angle;
TNz dynamic derivatives;
D differential operator.

1.5

Theta(deg.)

Elevator(deg.)

P " n 1 k)

Time (sec)

Fig. 2. Aircraft pitch angle unit step responses.

For this aircraft model, the existing pitch attitude control law
was given as [8]

(Tos + 1)AS. = Ko(A0 — AG,) + K;A8 2)

where
Af. input pitch angle command signal;
T.=0.1s time constant of the elevator actuator
dynamics; :
Ky = 1.1 and control gains.
K; =0.2

To check the control performance over its full flight enve-
lope, eight typical flight conditions are considered, as illustrated
in Table I. The simulated time responses of the aircraft to a
step pitch angle command at the eight flight conditions are il-
lustrated in Fig. 2. As shown, the performance at different flight
conditions varies a lot. At some conditions, large overshoots and
oscillations appear. Also, the stability margins were not consid-
ered during the design, with the consequence that they are found
to be very small, about 1.2 dB in gain and 10° in phase.

IV. ROBUST FLIGHT CONTROLLER DESIGN

A. Problem Formulation

To enhance the performance and stability robustness of the
pitch FCS, the QFT approach is used here to modify (or re-
design) the control law. The pitch FCS is first formulated as
a single loop SISO system, as illustrated in Fig. 1. The input
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signal is the pitch attitude angle command, the output is the ac-
tual pitch attitude angle of the aircraft, and the transfer func-
tion of the plant (with uncertainty) is described by the following
equation, as derived from (1):

P(s) = . 1 Ab(s) _ 1 as+b 3)
eS+1 Abe(s) Tos+1s3+cs2+ds+e

where

a = MpQN24 — N34,

b = Mo4N3zy — N22MN34;

c = ngo + Na2 + n33;

d = M22n33 + NooN23 + N32;

e = N23Nn32.

The sensor dynamics in the feedback loop, representing both
the pitch angle and the pitch rate feedback, is expressed by

H(s) = (Kjs + Kq)/Ko = Tos + 1 @)
where 79 = K,/ Kg = 0.182, taking the value from the original
control gains.

B. Performance Specifications

The tracking specification defines the acceptable range of
variations in the closed loop tracking responses of the system
due to uncertainty and disturbances. It is generally defined in
the time-domain, but normally transformed into the frequency
domain, as expressed by the following:

Tre(jw) <Tr(jw) < Try(jw) (6))
where the function Tr(s) denotes the closed-loop transfer func-
tion and Trr(s) and Try (s) the equivalent transfer functions
of the lower and upper tracking bounds. For the pitch FCS, an
overshoot of less than 2% and a settling time of less than 3 s

are specified, and the equivalent bound transfer functions can
be constructed as follows:

48
Tre(9) =55 1.5)(s + 4)(s + 8)
Ty (s) = 6.25(0.2s + 1) (©6)

T 243954625

For robust stability margins, the gain margin is expected to be
greater than 3.5 dB and the phase margin angle to be larger than
30°. Thus the robust stability specification is defined as

P(jw)G(jw)H (jw)
: : — | < M,=18 7
T+ PG@)GG@)HG) | < o
which corresponds to a lower gain margins of Ky = 1 +

1/M,, = 1.556 = 3.84 dB and a phase margin angle of 7 =
180 — cos™!(0.5/M?2 — 1) = 32°.

No disturbance rejection specifications are given here, partly
since the disturbance rejection requirements can often be treated
as a byproduct of satisfying the tracking specifications.
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Fig. 4. Open-loop frequency response without controller.

C. Robust Controller Design with QFT

A trial frequency array, a set of separate points in the fre-
quency spectrum, should be determined based on the plant dy-
namics and the specifications, so that all of the frequencies that
are important to the design are represented in the templates and
boundaries. Initially it was chosen as w = {0.02, 0.1, 0.5, 5, 20,
80}, but computation results showed that the frequency range
between 0.5\-20 had great influences on the stability margins.
Thus more points in this range were added to the array, which
was finally chosen as w = {0.02, 0.1, 0.5, 2, 5, 10, 20, 40, 80}.
Second, a nominal plant should be chosen for the loop shaping.
Based on the analyzes of the frequency bandwidth and template
boundary shapes, the flight condition 8 was chosen as the nom-
inal plant.

Using the Matlab QFT Toolbox [7], the plant templates at the
frequency array are computed, as illustrated in Fig. 3, where
the nominal plant is indicated by a star in the templates. The
performance bounds are then computed based on the perfor-
mance specifications and the plant templates, as depicted in
Fig. 4. The closed round lines in the central area represent the ro-
bust stability bounds, the wavy lines in the upper area represent
the tracking performance bounds at different trial frequencies,

and the vertical curve line represents.the frequency response
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Magnitude (dB)

40}

<200 -150 -100

Phase (degrees)

-250
Fig. 5. Open-loop frequency response with controller.

of the nominal open-loop transfer function with the controller
G(s) = L

The controller design then proceeds using the Nichols chart
and classical loop-shaping ideas. The objective is to synthesize a
controller, G(s), which satisfies the design specifications whilst
minimizing the controller bandwidth. Fig. 4 also shows the fre-
quency response of the nominal open-loop transfer function,
which violates the stability bounds. The design objective is to
apply dynamic compensation to the nominal open-loop transfer
function, so that the performance bounds are satisfied at each
frequency. From Fig. 4, the open-loop frequency response is
located below the appropriate tracking performance bounds at
each trial frequency. Thus an appropriate control gain should be
introduced to push the open-loop frequency response upwards.
Moreover, the open-loop frequency response has also crossed
the stability bounds. Hence a dynamic compensator is required
to change the shape of the open-loop frequency response. Anal-
ysis and trial show a lead compensator with a 23.84 degree of ‘
phase lead at the frequency of 26.85 should be introduced. The
controller was finally designed as

Gle) = STO/TS+1) _ 57(235 +41.2)
TIE T a1+ 1 s+412

®)

The resultant open-loop frequency response with this controller
is illustrated in Fig. 5. As can be seen, the resultant open-loop
frequency response still goes through an stability bound.
Analyzes show this stability bound corresponds to the trial
frequency of 0.02 rad/s, but the segment of the open-loop
frequency response within this stability bound correspond to a
frequency range of 5-20 rad/s. Thus the open-loop frequency
response actually does not violate the stability performance
requirements. The stability performance analysis of the
closed-loop system in the next section also supports this point,
as shown in Fig. 12.

The controller design has reduced the variations in the
closed-loop frequency response to the desired range. A prefilter
is then designed to achieve the required shape of the closed-loop
frequency response. Fig. 6 shows the Bode magnitude plot of
the closed-loop frequency response without a prefilter, together
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Fig. 6. Closed-loop frequency response without prefilter.
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Fig. 7. Closed-loop frequency response with prefilter.

with the tracking frequency response specifications plotted
with dashed lines. Obviously a dynamic prefilter is required to
shape the frequency response to be within the desired range. It
was finally designed as

12+1 0.12 1.4
F(s)—s/ +1 s+ '

= = )]
s/14+1 s+ 1.4

The resulting closed-loop frequency response with this prefilter
is illustrated in Fig. 7.

D. Performance Validation and Simulation

The robust pitch flight controller was finally obtained as

(Tes +1)26.(s)
= —G(s)[F(s)6. — H(s)b]
s/17.5 +1 _ 5.7s/124+5.7

T s/al2+1 (5'79 +9 s/lA+1

- 95>4 (10)
s/412+1

Analyzes of the closed-loop system performance in the fre-
quency domain show that the worst closed-loop response
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Fig. 8. Step responses of the deigned robust FCS.

magnitude (covering all uncertainty cases) is well below the
specified value [refer to (7)], as illustrated in Fig. 12. The
maximum variation of the closed-loop system frequency
response is well within the specified range [refer to (6)], as
illustrated in Fig. 13. Thus the closed-loop control system has
met all the design specifications in the full flight envelope. The
time-domain simulation results, illustrated in Fig. 8 together
with the specified tracking bounds plotted with dashed lines,
further support the above conclusion.

V. ROBUST/FAULT-TOLERANT CONTROLLER DESIGN

When damage to control surfaces occurs, an aircraft partially
loses the ability to generate moments about its axes. The aircraft
then experiences a change in its dynamic responses, because
loss of an aerodynamic surface changes the stability derivatives
of the aircraft. Up to 50% of the elevator surface loss is con-
sidered here, which is modeled as the decreases in the corre-
sponding control derivatives. Specifically the control derivatives
7124 and n34 in equation (1) are changed by multiplying a factor
from 0.5 to 1.0 with step 0.1, and the effects on other dynamic
derivatives of the aircraft are neglected. Thus each flight condi-
tion yields six different model parameters. From an uncertainty
viewpoint, the uncertainty range has been increased to 48 struc-
tured plant models in the full envelope. The time responses of
the original controller, (2), under the 48 flight conditions are de-
picted in Fig. 9, which reveals even larger and worse variations
in the performance.

Using the same performance specifications, given in Sec-
tion IV-B, QFT designs were conducted for this larger plant
uncertainty. A lead compensator was used with 29.75 degree of
phase lead at the frequency of 23 rad/s, together with an even

12¢

t

Fig. 9. Step responses of the original FCS at 48 different states.

higher control gain. The resultant compensator and prefilter
were obtained as

_11.5(s/13.4+1) _ 11.5(2.99s + 40)

G
(s) s/40+ 1 s+40 '
s/83+1 0.156s+ 1.3
ey = - 11
() =A3+1 s+1.3 e

The resultant time-domain simulation results are illustrated in
Fig. 10. Due to the higher plant uncertainty, a higher control
gain, 11.5 must be used. This can be difficult for engineering
implementation, and also lead to high elevator deflections, or
even to elevator saturation, which are not expected practically.
For the unit step input, as shown in Fig. 10, the maximum ele-
vator deflection had reached 1.9°, much higher than its original
value, around 0.8 as shown in Fig. 2.
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Fig. 11. Step responses of the FCS with controller of (13).

In principle, the damaged loss in elevator will ease the aircraft Tre(s) = 0.725 +1.44 (12)
performance, e.g., longer setting time, and etc. To reduce the 82+ 1.872s + 1.44
control gain and to show the feasibility of QFT in fast redesign
and in the tradeoffs between the performance specifications and )
the controller complexity, a new slower tracking performance ~And the QFT design results became
specification was applied, in which the settling time requirement
was changed to be less than 5 s. The bound transfer-functions

=5 nas+1 0 s+143
4 0.75
Tre(s) = , F(s) = ———. (13)
Re(s) (s +0.8)(s + 1)(s + 5) ()= Tos
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The appropriate time domain simulation results are shown in
Fig. 11, where the maximum elevator deflection is reduced to
0.58°, which is even smaller than the value with the original con-
troller. Thus it is more feasible for practical implementations.
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VI. CONCLUSION

The QFT approach can be used to enhance the robust stability
and tracking performance of the existing FCS. A single robust
controller and prefilter was designed for the pitch attitude angle
control system, which met the frequency domain tracking spec-
ifications and robust stability requirements throughout the full
flight envelope.

The aircraft control surface loss can be modeled as a kind of
parameter uncertainty, or a kind of structured plant uncertainty.
Hence, the QFT approach can further be used to the fault-tol-
erant FCS design.

The redesign and tradeoffs between the system performance
specifications and the controller complexity can easily be done,
which provides the designer with more versatile solutions. The
QFT synthesized FCS is an effective control system, that does
not require the use of gain scheduling, and involves a simple
low-order fixed controller.
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