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Simultaneous Realization of Handling and Gust Responses:
In-Flight Simulator Controller Design
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This paper addresses the design problem of a flight controller for an in-flight simulator, in which the controller is
required to realize the gust response and the handling response of the target aircraft simultaneously. A two-degree-
of-freedom model-matching controller is proposed to meet this requirement, with feedback and feedforward
controllers designed to vary the gust response and handling response characteristics, respectively. The controller is
designed in two steps: the feedback controller is first designed via the H_ model-matching approach, then the
feedforward controller is designed as a filtered right inverse system of the closed-loop system comprising the plant
dynamics and the feedback controller. Controllers are designed to enable a research aircraft to simulate the lateral-
directional motions of two target aircraft models: a Boeing 747 and a Convair 880M. Hardware-in-the-loop
simulations and flight tests with the designed controllers confirm that they achieve the simultaneous realization of
gust response and handling response of the target aircraft. Additionally, an in-flight simulator controller for
investigating handling qualities for lateral-directional motions is designed, and hardware-in-the-loop simulations
and flight tests confirm its applicability to handling-quality investigation.

Nomenclature
F = feedforward controller
G(s) = transfer function of system G
IG($)|lw = Ho norm of system G

I, n-dimensional identity matrix

K = feedback controller
it = dynamics of target aircraft from handling input to
output
il = dynamics of target aircraft from wind gust to
output
P = dynamics of plant
P, = nominal dynamics of P
R = set of n x m-dimensional real matrices
r = yaw rate
S" = setof n x n-dimensional real symmetric matrices
U, = target aircraft handling input
Ug, = feedback control input
Ugs = feedforward control input
u, = plant control input
v, = lateral air velocity
v, = lateral gust velocity
v; = lateral inertial velocity
w, = wind gust input
1X]| = maximum singular value of matrix X
(X) = X+ X"
y = plant measurement output
Zm = target aircraft output
Zp = plant controlled output
845 84 = aileron deflection and command

Received 17 January 2008; revision received 24 March 2008; accepted for
publication 24 March 2008. Copyright © 2008 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay the
$10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood
Drive, Danvers, MA 01923; include the code 0731-5090/08 $10.00 in
correspondence with the CCC.

*Researcher, Institute of Space Technology and Aeronautics, 6-13-1
Osawa, Mitaka; sato.masayuki@jaxa.jp.

T Associate Professor, Department of Mechanical Engineering, 4-3-5 Ueda,
Morioka; satsushi@iwate-u.ac.jp.

1545

rudder deflection and command
structured singular value of matrix X with
structured uncertainty A

roll rate

roll angle

yaw angle

appropriately dimensioned identity matrix
appropriately dimensioned zero matrix

R = n-dimensional square zero matrix
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N-FLIGHT simulators (IFSs) are useful tools for investigating

flying qualities, handling qualities, aircraft development, and
other applications [1], and much research into developing IFSs has
been conducted since the 1970s (e.g., [1-5]). As pointed out in [1],
the most important requirement for an IFS flight controller is to
realize real-world cues; that is, the controller must realize the
responses of the target aircraft.f An aircraft’s motions are affected by
the pilot’s handling inputs and by wind gusts and so they comprise
two components: a handling response (HR) and a gust response
(GR). An IFS flight controller should therefore realize both of these
target aircraft responses, but to the authors’ knowledge, existing
design methods realize only one of these two responses: model-
following controllers [2,3,6] realize the HR of the target aircraft but
do not consider GR realization; model-matching or loop-shaping-
based designs [5,7-12] can realize the HR of the target aircraft but
hardly consider GR realization; and although eigenstructure-
assignment-based design [13—15] can realize the GR of the target
aircraft by assigning the eigenstructure of the original aircraft to be
close to that of the target, it cannot fully realize the HR without
adding prefilters (i.e., feedforward controllers). Although the
realization of HR is very important for IFSs, GR realization is
essential for some applications: for example, evaluation of flying
qualities or handling qualities during approach and landing. Because
wind gusts are inevitably encountered during flight tests, a controller
that can realize both types of responses simultaneously has been

Introduction

“In this paper, the aircraft for which the response is to be realized is referred
to as the farget aircraft and the aircraft in which an IFS system is implemented
is referred to as the original aircraft.
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desired for IFSs. Realizing both HR and GR using model-following
controllers or reference-tracking controllers, which are widely used
for tracking problems, may be possible with the following approach.
A feedback controller is first designed to alleviate the GR of the
original aircraft, and a model-following controller or a reference-
tracking controller is then designed for the augmented system
comprising the original aircraft dynamics and the feedback controller
to realize the combined response of the target aircraft driven by gust
and handling inputs. However, with this approach, it is generally
impossible to totally eliminate the response of the original aircraft to
gusts; moreover, online gust estimation, one of the effective methods
for which has successfully been demonstrated in [16], is required
with the accompanying increase of controller complexity.
Considering these issues, IFS flight controllers, which need neither
GR alleviation nor online gust estimation, are desirable.

This paper proposes a new design framework for IFS controller
design for the simultaneous realization of the GR and the HR of a
target aircraft. The proposed controller is a two-degree-of-freedom
model-matching controller (see Fig. 1) in which the feedback
controller is designed for GR realization and the feedforward
controller is designed only for HR realization. The design
requirements for the two-degree-of-freedom controller (i.e., a pair of
F and K in Fig. 1) are as follows:

GR realization: Under u,, =0 (consequently, uy; =0), the
response from w, to z, of the original aircraft is made to be as close as
possible to that of the target aircraft (i.e., M ,, w,) by designing K
appropriately.

HR realization: Under w, = 0, the response from u,, to z,, is made
to be as close as possible to that of the target aircraft (i.e., M, , u,,)
for any u,, by designing F and K appropriately.

If these requirements are satisfied, then the original aircraft
controlled with F' and K will simultaneously realize the GR and HR
of the target aircraft; that is, the controlled original aircraft will move
like the target aircraft in response to pilot handling inputs and wind
gusts.

Designing F and K simultaneously via the H,, model-matching
approach may be possible, but much tuning will be needed to find the
best pair of F' and K, because two completely different requirements
are imposed; moreover, the increase of the fictitious uncertainty
block associated with controller performance in H, design generally
leads to conservatism and, consequently, poor model-matching
performance. To avoid such problems we use a two-step design
approach: First, under the assumption that u,, = 0, the feedback
controller K is designed for GR realization via the H,, model-
matching approach. Second, under the assumption that w, = 0, the
feedforward controller F is designed for HR realization as a right
inverse system of the closed-loop system comprising the dynamics of
the original aircraft and the feedback controller K.

Considering that M_ , generally has very low gains at high
frequencies and that u,, is applied by a human pilot, the right inverse
system is required to have right inverse performance only at low and
middle frequencies; that is, F is merely to be a filtered right inverse
system. However, designing a stable inverse system is more difficult
if the closed-loop system potentially has unstable zeros, as shown in
[17] and references therein, which is the case with our design. To
accommodate this difficulty, the method in [5] is used to design the
filtered right inverse system because it is applicable to systems with
unstable zeros and its applicability to flight controller design has
been demonstrated.

For the feedback controller, a controller that is robust against plant
uncertainties is designed. However, plant uncertainties are not
considered in the design of the feedforward controller because robust
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Fig. 1 Controller block diagram.

Fig. 2 Research aircraft MuPAL-«.

feedforward controller design is generally difficult, as feedforward
controllers cannot reduce the effects of uncertainties. The robust
performance of the feedforward controller against plant uncertainties
is therefore confirmed a posteriori via y analysis. As with feedback
controller design, the feedforward controller can be designed via the
model-matching technique shown in [8]. However, in general, the
cascaded system comprising the filtered right inverse system and
M, ,, is easier to implement within the limited resources of an
onboard flight control computer than with a model-matching
feedforward controller designed via the H_, model-matching
approach, as noted in [5]. Therefore, in this paper, the feedforward
part is composed of the filtered right inverse system F and the
dynamics of the target aircraft HR model M, ,, .

Using the proposed method, IFS controllers for the linearized
lateral—directional (L/D) motions of Boeing 747 (B747) and Convair
880M (C880M) target aircraft are designed for the Japanese
Aerospace Exploration Agency’s multipurpose aviation laboratory
(MuPAL-w) research aircraft (Fig. 2). Hardware-in-the-loop (HIL)
simulations and flight tests confirm that the simultaneous realization
of HR and GR of both target aircraft is fully achieved. In addition, an
IES controller for the investigation of L/D motion handling qualities
is designed, and HIL simulations and flight tests confirm that the
designed controller can be used for handling-quality investigations.
The contribution of this paper is the proposal of a new design
framework with a practical design technique for IFS controllers that
achieve simultaneous realization of GR as well as HR and the
demonstration of its applicability by experiments.

This paper is organized as follows: Sec. II describes briefly the
controller design framework, Sec. III details the design of two IFS
controllers for real target aircraft models and shows experimental
results, Sec. IV describes the design of an IFS controller for handling-
quality investigation and shows experimental results, and Sec. V
gives concluding remarks.

II. Controller Design Framework
A. Feedback Controller Design

To achieve GR realization, the H,, model-matching technique,
which has been widely reported (for example, [7,9]), is used in this
paper. Hereafter, diag(X,...,X;) and diag; (X;) both denote
the diagonal matrix composed of X, ..., X;.

Suppose that plant uncertainties are modeled in the frequency
domain, the time domain, or both and that their state-space models
are given. Consequently, the plant dynamics incorporating the
uncertainties is also supposed to be given. With a given plant
dynamics, an appropriately defined stable diagonal weighting
function W;, which defines the model-matching performance of
controller K, and a stable target aircraft model M, ,, , the generalized
plant P, for designing controller K is given in Eq. (1) with the
normalized uncertainty block:

Ay :=diag(A,, A I Ag <1

r)
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Fig. 3 Block diagram for feedback controller K.

where A, and A, , respectively, denote an uncertainty block with
respect to the plant uncertainties and a fictitious performance block
(see Fig. 3):

X'g = Agxg =+ Bglw + Bgzufb
ot 1 2= Coxy + Doy + Dy ppug (1
y= ngxg + DgZIw

P

where x, is the state with x, =0 at 1 =0, w = [w] wl]" is the
disturbance input comprising the uncertain block output w, and the
wind gust input w,, ug, is the feedback control input, z = [z} z[]" is
the controlled output comprising the uncertain block input z,, and the
weighted performance output for model-matching performance, and
y is the measurement output. The matrices A,, eftc., are constant
matrices of appropriate dimensions.

If a feedback controller (which stabilizes the generalized plant and
satisfies the inequality

SUPIL, (Gu(jw)) <1 @

where G, denotes the closed-loop system from w to z) is designed
with a W, in which all the entries have sufficiently large gains in some
frequency range, then the dynamics of the controlled plant from w, to
z, become close to that of M_ ,, in the frequency range under the
prescribed plant uncertainties; that s, z,, becomes close to z,, for any
w, in the frequency range. Thus, the design problem for GR
realization is given as follows:

Problem 1: Find controller K that stabilizes P, and satisfies
Eg. (2).

Further details on the design of K are given in Secs. Il and IV with
design examples.

B. Feedforward Controller Design

To achieve HR realization, feedforward controller F is designed as
a filtered right inverse system of the closed-loop system comprising
the plant dynamics and the previously designed K. The plant
uncertainties are not considered when designing the feedforward
controller, but its robust performance against uncertainties is
checked a posteriori. If the performance is not satisfactory, the
feedforward controller should be redesigned.

The block diagram for designing F is shown in Fig. 4, where P,
denotes the nominal dynamics of plant with gust input eliminated;
K 18 the feedback controller designed in the previous subsection;
W, is a stable diagonal weighting function specifying the right
inverse performance and frequency range of F; and w, and z, are,
respectively, a fictitious disturbance input and a fictitious controlled
output to define a filtered right inverse system. With an appropriately
defined W,, the design problem is to obtain a stable controller F’ that
satisfies |G ,,, (5) |l < L, where G_,,,, denotes the system from w,
to z,. If the controller F is set to be full-order, which is the case with

w2

Fig. 4 Block diagram for feedforward controller F.

Fig. 5 Block diagram for the analysis of feedforward controller F.

our design, then this is a standard H, problem and so the details are
omitted.

If the feedforward controller F, which is stable, satisfies
G .,u, () |loo < 1, then the following Lemma holds for the cascaded
system P, := PyF, where P, denotes the closed-loop system
comprising P, and K [3].

Lemma 1: Let {(w) be the minimum gain of W, at frequency w;
that is, ¢(w) ‘= min;|W;(jw)|, and assume {(w) > 1. Then the
cascaded system P, satisfies the following inequalities:

|P,,(jw) =1 <1/(w) VI 3)
|£P,,(jo)| <arcsin1/{(w) VI @)
|P,,, (jo)| <1/{(@) ¥ I,m I#m %))

where P, (jw) denotes the (I, m) entry of P, (jw).

This Lemma, roughly speaking, indicates that if the minimum gain
of W, is sufficiently large over some frequency range w € [w;, w,],
then

P,(jo)y~1 Voce]|w,w,]

that is, the transfer function of P, with designed controller F' is
approximately described as an identity matrix over the frequency
range.

After designing F, its robust performance against the plant
uncertainties, which have the same description as in the previous
subsection, is checked via p analysis. The block diagram for the
analysis is shown in Fig. 5, where P is the same plant model as the P
used in the feedback controller design but with the gust input
eliminated; Wj; is the weighting function to define the right inverse
performance and the frequency range of F (i.e., W5 corresponds to
W, in Fig. 4); and A, and A, are, respectively, the fictitious
performance block and the uncertainty block with respect to the plant
uncertainties.

If the upper p for the augmented system P, shown in Fig. 5 with
the uncertainty block Ay := diag(A,, A,,) is less than unity for
all frequencies, then the feedforward controller F is confirmed to
satisfy Egs. (3-5), in which W, is replaced by W;, under the plant
uncertainties; that is, F' is confirmed to be a robust filtered right
inverse system of the closed-loop system comprising the uncertain
plant and the feedback controller. Further details of the design and
analysis of F are given in Secs. III and IV with design examples.

III. IFS Controllers for the B747 and C880M Models

Using the design framework presented in the previous section, IFS
controllers for two target aircraft models are designed: a B747 model
flying at an altitude of O m and a true airspeed (TAS) of 67.4 [m/s],
and a C880M model flying at an altitude of 0 m and a true airspeed of
68.9 m/s.

A. Controller Design
1. Plant and Model Descriptions

The plant model consists of the fourth-order linearized L/D
motions of MuPAL-a at an equilibrium point, true airspeed
TAS = 66.5 m/s, and altitude H = 1520 m. The state variables are
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[v; (m/s) p (rad/s) ¢ (rad) r (rad/s)]"

the gust input is v, (m/s), the control inputs are [§, (rad) §, (rad)]”,
the controlled outputs are [v, (m/s) ¢ (deg)]”, and the measurement
outputs are

[va (m/s) p (rad/s) ¢ (rad) r (rad/s)]"

The MuPAL-«a control actuators (i.e., aileron and rudder surfaces)
are modeled as follows:

_ 072
P, { o Z T e (®)
r = 0.07s+1 Orc

The linearized L/D motions of MuPAL-« faithfully represent the
L/D motions around the equilibrium point. However, there are
uncertain delays between control surface command and control
surface movement (i.e., dead time), and so delays with bounded
delay time are added at the inputs of the actuator models. The delays
are modeled using a first-order Padé approximation:

—Tis/2+1

, T, €|T;
Tis/2+1 [

T;,.] (=12

min

where index i denotes the number of inputs. This model can be
represented as linear fractional transformation LFT(A 4, P,) with the
following A, and P, (see Fig. 6):

A, = diag(éy,d) 18] =1 (i=12)

)'CdzAdxd—i—Bdl wd—i—deup (7)
Py 2a=Cyqxq+ Dy, wg+ Dy, u,
[80, 8, 1"=Cyxy+ Dy wy+ Dy,u,

where x,; denotes the state with x;, = 0 at t = 0, z; and w, are both
exogenous signals to define the delay model, and the state-space
matrices of P, are defined as follows:

As By By diag(=(1/T,,
Cs Dy, Dy, |=| diag,(-(1/T;
Cdz Ddzl DdZE 12

The valuesof 7; and T, ,respectively, are setto 0.08 and 0.16 for
both aileron and rudder. These values are determined by summing
the dead time for step commands with several amplitudes (0.04—
0.12 s), the calculation time of the onboard flight control computers
(0.02 s), and the time constants of the noise-reduction filters for
measurement outputs (0.02 s). The nominal delays for aileron and
rudder are both set to 0.12 s.

Then the plant P in Fig. 3 is given as shown in Fig. 6, in which the
block denoted by L/ D represents the linearized L/D motion model of
MuPAL-a; w, € Rrepresents gustinput (i.e., v,);and w, € R?and
74 € R?, respectively, correspond to w,, and z,, in Fig. 3. The state-
space matrices of plant P are given in the Appendix as Eq. (Al).

The state-space matrices of the target models are calculated from
[18]. The state variables, input variables, and output variables of the
models are the same as those of the linearized L/D motion model of

Fig. 6 L/D motion model with actuator model and uncertain delays.

MuPAL-«. The actuators of the target aircraft are neglected in our
design because their precise models are not given in [18]; however,
they could be easily incorporated into our design if available. The
state-space matrices M. and M_ , are shown in the Appendix.

Wy L

2. Feedback Controller
One fictitious input is added to w, to make A, square. Then the

uncertainty block Ay is composed of two real scalar blocks and one

2 x 2 complex full block. The weighting function for model-

matching performance W, in Fig. 3 is set as follows:
| y3EsEllaiag(1,0.81)

Wl : 25245422 : (8)
where the former weighting function is for the B747 model and the
latter one is for the C880M model, and y(>0) is a design parameter to
be maximized because the larger y, the better the model-matching
performance. These weighting functions have their lowest gains at
the Dutch-roll mode frequency of the corresponding target aircraft.
Unless the weighting function gains at the target aircraft’s Dutch-roll
mode frequency are lower than the gains at other frequencies, then
the designed controller will have good model-matching performance
only at the target aircraft’s Dutch-roll mode frequency. The constant
diagonal coefficient matrix in Eq. (8) is determined by considering
the peak gains of v, and ¢ of the target aircraft.

Because of the memory limitations of MuPAL-«’s flight control
computers, static output feedback controllers are designed.
However, note that our design framework is directly applicable to
dynamic controller design, which is worth considering for better
performance if more computing resources are available.

After obtaining P, in Eq. (1) from P, W, and M, ,, ,if y is given,
then problem 1 for the static output feedback controller using a
constant scaling matrix S with respect to Ay is reformulated as
follows:

+ I/Timx)) I, diag].Z(z(l/Timin + 1/Ti,m))
- I/Timx)) 0, diagl.z(z(l/Timm - I/Timx))

0, I

Lemma 2: For a given y > 0, if there exist symmetric matrices
P € 8" and S and controller K such that Egs. (9-11) hold, then

Supyer i3, (Goy(je)) < 1 holds:

P>0 )
S =diag(sy, s,,830) >0 (10)
(PAq) PBy cl

where A, By, C,, and D are the state-space matrices of the closed-
loop system comprising P, and K.

After applying the elimination Lemma [19] or the projection
Lemma [20] to Lemma 2, our design problem is equivalently
transformed to the following problem:
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Problem 2:
max subject to
PeS“ XeS“ S=diag(s,, s, s30) " P 1 -0
I X
(12a)
rank - 14 (12b)
I x|
By, "1 (A, x) B, xcTT B, ]+
0 Bl -8 Dg',‘l 0 <0 (13)
Dg]2 Cglx Dé’l] ) Dé’ll
ng * (PAg) PBgl CZ"I C;?g o
Dgzl B;CIP =S D;C” Dgn <0 14
0 Cgl Dgll _S_l 0
51 >0, 5, >0, s3>0 (15)

where matrices A,, B, , etc., denote the state-space matrices of P,.

Using the linearization algorithm in [21] to tackle the rank
constraint (12b), the following iterative algorithm is obtained, which
uses a bisection search for maximizing y. Index i denotes the
iteration number of the controller design step.

Algorithm 1:

1) Set i =0 and scaling matrix S = I,. Maximize y subject to
Eqgs. (12-14), where P and X are decision variables. Obtain the
corresponding controller K by solving Eq. (11) using the obtained P,
where only the controller matrix K is a decision variable. Set y; = y
and K; = K.

2) Using K;, maximize y subject to Egs. (9-11), where P and S are
decision variables. Set p; = y.

3) Increment the iteration number: i = i + 1. Using the scaling
matrix S obtained at the preceding step, maximize y subject to

1549

Egs. (12-14), where P and X are decision variables. Obtain the
corresponding controller K by solving Eq. (11) using the obtained P,
where only the controller matrix K is a decision variable. Set y; = y
and K; = K.

4) Using K;, maximize y subject to Egs. (9-11), where P and S are
decision variables. Set ; = y. If 7, — 7,_; < & holds, where ¢ is set
as 1.0 x 107*, then stop iteration. Otherwise, return to step 3.

Remark 1: If step 1 cannot proceed, that is, if matrices P and X
cannot be found with sufficiently small y, then stabilizing static
output controllers may not exist. In such a case, the degree of the
controllers is to be increased.

This algorithm is similar to D-K iteration in x synthesis [9,22] but
does not use dynamic scaling matrices to reduce the computational
complexity of designing K. The calculation of the LMIs was carried
out using SeDuMi version 1.05 software [23] along with the
YALMIP version 3 parser [24].

Maximum y values of 1.7698 (B747 model) and 1.4273 (C880M
model) are obtained. The corresponding optimal controller K, and
the scaling matrix S are, respectively, shown in Egs. (16) and (17):

0.23147  0.10042 0.81281

—0.31419 0.94285 2.4858 ]
0.537941 0.24957 0.92461
0.099165 1.7458  3.5892 ]

6.3040 x 1073
9.3628 x 10~*
0.016274

Kopi:
[—3.6195 x 1073
16)

| diag(0.10534,0.029202, 6.5821 x 10741,) a7
" | diag(0.022297, 8.1526 x 1073,9.4684 x 10741,)

where the former matrices are for the B747 model and the latter ones
are for the C880M model.

Figures 7 and 8 show the Bode plots of the closed-loop system
with IFS controllers, respectively, for the B747 and C880M models,
the uncontrolled plant, and the target aircraft from v, to v, and ¢.
Although they mostly overlap, four lines for the closed-loop system
are drawn showing the combinations of maximum and minimum
delay times for aileron and rudder inputs. The figures confirm that
although the dynamics of the target models to wind gust are much
different from those of the uncontrolled plant (for example, the B747

20 g g ARY T
— 0 F
g
= 20 B
3
O -40F 4
. -60 4 1 1 I
D T T T '
ED 0 u--l-l-lll""'"""‘ LR T P ——
=
(]
g _180 - . ﬁ . . N
£
-360 L . -
= 4
=
£ |
<
o -
<
ED 180 ]
S - —— closed-loop system (four lines) 7
% -270 I 4
> ‘228 « = B747 ‘ ‘
- 3 2 1 0 1 2
10 10 10 10 10 10

Frequency [rad/s]
Fig. 7 Bode plots from v, to v, and ¢ with K, for the B747 model.
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Fig. 8 Bode plots from v, to v, and ¢ with K, for the C880M model.

model, the C880M model and the uncontrolled plant, respectively,
have 8.6-, 6.2-, and 4.6-s period Dutch-roll modes), the controlled
plant with optimal feedback controller K, faithfully realizes the
gains around the target aircraft’s Dutch-roll mode frequencies; that
is, the designed controllers have good model-matching performance
over the frequency range of 0.2-2 rad/s for the prescribed
uncertainties.

Numerical simulations, which are included in [25] and thus
omitted here, with designed controllers confirm that the designed
controllers almost realize the GR of their target aircraft.

3. Feedforward Controller

The feedforward controller F is now designed. The state-space
matrices of P, in Fig. 4 are given in the Appendix as Eq. (A2). The
weighting function W, in Fig. 4 is set as follows:

10 12
Wy {‘ﬁ%‘o (18)

5+0.10 I

where the former weighting function is for the B747 model and the
latter one is for the C880M model. These are set for F' to satisty
inequalities (3—5) with the {(w) values specified in Table 1. With W,
in Eq. (18), full-order (tenth-order) controllers F' for the B747 and
C880M models are designed setting the direct terms to be zeros. The
state-space matrices of F are omitted for lack of space.

Figures 9 and 10 show the Bode plots of the cascaded system of the
closed-loop system P, the feedforward controller F, respectively,
for the B747 and C880M models, and the target aircraft model M,
with a nominal delay-time set and four combinations of maximum
and minimum aileron and rudder input delays (the plots are barely
separable at the low frequencies). For reference, the Bode plots of the

Table 1 Guaranteed performance defined

by Eq. (18)
Frequency, rad/s 1/¢(w)
0-0.1 0.02
0.1-1 0.1
1-2 0.2

closed-loop system with the same nominal delay and the target
aircraft model M, , —are also given. These figures confirm that the
designed controllers have good model-matching performance at low
frequencies less than 2 rad/s for the prescribed uncertainties.

To verify the robust performance of F more rigorously, i analysis
is conducted. In Fig. 5, the uncertainty block Ay comprises A,
which is composed of two real scalar blocks, and one 2 x 2 complex
full block A, . The results of 1 analysis setting W5 in Fig. 5 as W5,
which are included in [25] and thus omitted here, conclude that the
feedforward controller F' for the B747 and C880M models neither
have robust performance defined by W, against the prescribed
uncertainties. The results show that the upper  has two peaks around
the frequencies of the target aircraft’s Dutch-roll mode and 6 rad/s.
Considering these, the following weighting functions, which have
low gains around the frequencies of the target aircraft’s Dutch-roll
mode compared with those at the low frequencies and sufficiently
low gains over 2 rad/s, are next used for the p analysis:

14.94555 +412.825%42890.95% +4435.05% +2828.15+1183.0 I

Wa: J 57+30.096504257.165°+675.135% +1058.35° +853.305> +187.065+11.841 2
3 14.8375* 4+449.2753 43213 45> +3277.254-3093.4 I
$6+32.05655+276.495s%+550.725° +832.3352+403.065+31.435 ' 2

19

where the former is for the B747 model and the latter is for the
C880M model.

Using W3 in Eq. (19) concludes that the feedforward controllers F
for both models have robust performance, which is described in
Tables 2 and 3, respectively, for the B747 and C880M models, using
inequalities in Lemma 1 against the prescribed uncertainties.
Although these results do not satisfy the design requirements for F,

Table 2 Guaranteed performance for F for

the B747 model
Frequency, rad/s 1/¢(w)
0-0.13 0.02
0.13-0.39 0.1
0.39-0.59 0.2
0.59-2 0.28
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Table 3 Guaranteed performance for F for the degradation is not so severe because the designed feedforward
the C830M model controllers are both confirmed to have robust right inverse
Frequency, rad/s 1/¢(w) pgrformance against the prescribed uncertainties, as illustrated in
Figs. 9 and 10. Thus, the designed feedforward controllers are
0-0.15 0.02 adopted for our IFS controllers.
0.15-0.60 0.1
0.60-1.09 0.2
1.09-2.0 0.28 B. Experimental Results
IFS controllers are implemented in the MuPAL-«’s onboard flight
control computer. The feedforward controller F is implemented after
discretization using a bilinear transform with 0.02 s. Noise-reduction
filters
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which are, respectively, for u,, and y, and M, , are implemented
after discretization using a zero-order hold with 0.02 s.

1. HIL Simulation

Before carrying out flight tests of the controllers, HIL simulations,
in which the motions of MuPAL-« simulating the target aircraft
using the implemented IFS controllers are calculated using six-
degree-of-freedom nonlinear equations for the original aircraft, were
conducted to check controller performance.

SATO AND SATOH

First, GR realization performance was checked. Figures 11 and 12
show HIL GR simulation results for the B747 and C880M IFS
controllers, respectively, for a step gust input shown in the uppermost
plotrow. In these simulations, the GR of the target aircraft model was
computed offline using the recorded gust inputs because the GR of
the target aircraft model is not calculated online in our IFS controllers
(see Fig. 1). For comparison, GR numerical simulation results of
uncontrolled MuPAL-« using the recorded gust inputs is also shown
(aileron and rudder deflections for the uncontrolled MuPAL-« are
omitted because they are set as zeros). These figures confirm the
following: First, comparison between the GR of the target aircraft
models and the uncontrolled MuPAL-« indicates that some IFS
controller is needed to realize GR of the target aircraft models with
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MuPAL-«. Second, although there are some discrepancies between
MuPAL-«’s response and the target aircraft response for both
target aircraft models, the amplitudes and period of v, and ¢ of the
Dutch-roll mode of MuPAL-« simulating the target aircraft are
almost the same as those of the corresponding model; that is, our
designed controllers almost realize the GR of the target aircraft
models.

Next, HR realization performance was checked. Doublet inputs to
both ailerons and rudder (B747 model) and rudder only (C880M
model) are applied to excite oscillation. Figures 13 and 14 show HIL
HR simulation results for IFS controllers for the B747 and C880M
models, respectively. For comparison, HR numerical simulation
results of the uncontrolled MuPAL-« using the recorded model
inputs is also shown (aileron and rudder deflections for the
uncontrolled MuPAL-« are omitted because they are set the same as
those of the models). These figures confirm the following: First,
comparison between HR of the target models and the uncontrolled
MuPAL-« indicates that some IFS controller is needed to realize

HR of the target aircraft models with MuPAL-«. Second, there
are hardly any discrepancies between MuPAL-a’s response and
the target aircraft outputs; that is, our designed controllers
realize the HR of the corresponding target aircraft models with high
fidelity.

Although the aileron inputs are set to zero for the C880M
model, our IFS controller uses only the target aircraft outputs,
not actual inputs, and so the HR of the target aircraft with aileron
input is also realized, as will be shown in the following flight-test
results.

2. Flight Test

After HIL simulation tests, the IFS controllers were tested in actual
flight. Figures 15 and 16 show time histories of the IFS controllers,
respectively, for the B747 and C880M models under manual pilot
input. As in Figs. 11 and 12, the model outputs are computed offline
with a simple gust estimate (v, = v, — v;), which is shown in the

5+ B '-----vl—

e

5, [deg] 8,[deg] V [deg] r[deg/s] ¢ [deg] p [deg/s] v,[m/s]

- ) ) . - .
30 40 50 60
t[s]

Fig. 13 Handling response in HIL simulation with IFS controller for the B747 model.
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uppermost plot row, and the same pilot inputs. In these figures, two between MuPAL-« and the target aircraft outputs for both target
different lines are drawn; however, they sometimes overlap and it is models, the lateral air velocity and roll angle of MuPAL-« are almost
difficult to discriminate between them in such case, which the same as those of the models; that is, our designed controllers
consequently indicates good model-matching performance of our almost realize the GR as well as the HR of the target aircraft in real

designed controllers. Although there are some discrepancies flight.



SATO AND SATOH 1555

In Fig. 16, oscillatory inputs are shown in MuPAL-« rudder
deflection. The cause of this phenomenon has not been identified;
however, because HIL simulations and numerical simulations both
show that our designed controllers have good performance, the
rudder oscillation may be caused by modeling errors. Thus, for better
IFS controllers, more precise model of the original aircraft may be
required.

IV. TIFS Controller for Handling-Quality Investigation

One of our primary research applications for MuPAL-o is
evaluating aircraft handling qualities in actual flight. In flight,
encountering wind gusts is inevitable, but for pure handling-quality
investigations, the effects of gusts on aircraft motions must be
minimized as much as possible. Furthermore, it is preferable to
explore as great a range of maneuverability as possible in a single
flight because the flight conditions for each maneuver need to be as
identical as possible. Considering these conditions, we obtain the
following design requirements for IFS controllers for handling-
quality investigation: 1) as much gust alleviation as possible and 2) a
wide range of maneuverability within a single controller design.

These requirements are realized by the design framework
presented in Sec. II by setting M, ., © be 0 and M, , to be the
model that defines the maneuverability to be tested, because the
transfer function of the cascaded system PyF is approximately
described as an identity matrix at low frequencies; that is, z,
reproduces z,, for the low-frequency components. In this section, the
details of designing controllers K and F are described and
experimental results are shown.

A. Controller Design

The controller design framework in this section is almost the same
as that in the previous section, and so duplicate descriptions are
omitted. The L/D motion model of MuPAL-«, the actuator model,
and the uncertainties are the same as those used in the previous
section. In this section, M_ ,, is set as follows:

In other words, the target aircraft completely eliminates the response
to gusts. Although complete elimination of the GR is impossible in
practice, using the M_ ,, in Eq. (20) produces an IFS controller that
suppresses GR as much as possible. In this section, M, , ~is not
determined a priori because it depends heavily on the objective of the
handling-quality investigation.

1. Feedback Controller

The weighting function for model-matching performance W, in
Fig. 3 is set as follows:

Wit vl 21

This weighting function is set for the IFS controller to suppress the
gust response at all frequencies.

After applying Algorithm 1 in which M, ,, issetas0, W, is setas
Eq. (21), matrices P and X are set to belong to S8, and the rank
constraint in Eq. (12b) is replaced by

P 1
rank|:I X]—8

the obtained maximum y is 0.80312. The corresponding controller
Kop and the scaling matrix S are as follows:

—2.1869 x 1072 —0.60614 —0.42949 2.8331
§ =102 x diag(3.9603, 1.3490, 1.1928 x I,)

K _[—5.0024><10*3 0.68915  1.5021 0.60948]
opt —

Figure 17 shows the Bode plots of the closed-loop system and the
uncontrolled plant from v, to v, and ¢. As in Figs. 7 and 8, four lines
for the closed-loop system are drawn, although they mostly overlap.
Although the designed controller cannot completely suppress the
gust response, in contrast to M, ,, in Eq. (20), the figure confirms
that the peak gains are well depressed: from 6.94 dB at 1.51 rad/s to
1.53 dB at 6.74 rad/s for v, and from 0.776 dB at 1.41 rad/s to
—14.0 dB at4.77 rad/s for ¢. A gain increase in ¢ of the closed-loop

M, ., v, ] = 0v, (20) system is seen over the range 4-20 rad/s, but the peak gain is lower
“Le than that of the uncontrolled plant.
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Fig. 17 Bode plots from v, to v, and ¢ with K, for Eq. (20).
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Numerical simulation with our design controller, which is
included in [26] and thus omitted here, confirms that the controller
depresses the overshoots and reduces the settling time compared with
the uncontrolled plant.

2. Feedforward Controller

Next, the feedforward controller F' is designed to realize a wide
range of maneuverability. The weighting function W, in Fig. 4 is the
same as in the previous section; that is, W, is set as

10
S X
s+ 0.10

A full-order (tenth-order) controller F' with the direct terms set to be
zeros is designed. The state-space matrices are omitted for lack of
space.

Figure 18 shows the Bode plots of the cascaded system of the
closed-loop system P, and F with a nominal delay-time set and four
combinations of maximum and minimum delay times of aileron and
rudder inputs. For comparison, the Bode plots of P with the nominal
delay are also drawn. This figure confirms that at the low frequencies
(w < 2 rad/s), the cascaded system P, F exhibits the following
characteristics: the gains of diagonal elements are almost unity, the
phase deviations of diagonal elements from zeros are very small, and
the gains of nondiagonal elements are very small. Although the phase
deviations of nondiagonal elements from zeros are very large, the
gains are very small and so their effects are negligible for these
frequencies. These results confirm that F works as a filtered right
inverse system of the closed-loop system; that is, a variety of HR is
realized by simply exchanging M, ,, .

As in the previous section, p analysis is conducted to rigorously
verify the robust performance of F. The results of u analysis setting
W; in Fig. 5 as W, cannot conclude that the designed controller F has
robust performance defined by W, against the prescribed
uncertainties. However, using the following W; in Eq. (22)
concludes that the controller F has robust performance, which is
described in Table 4 using inequalities in Lemma 1, against the
prescribed uncertainties.

29.126

: I
Wi 5 + 1.83745% + 3.55455 + 0.28863 °

(22)

The guaranteed performance against the prescribed uncertainties
does not meet the design requirements, but the shortfall is not so
severe. Thus, it was decided to proceed with using the designed
feedforward controller in the subsequent experiments.

B. Experimental Results

As in the previous section, the feedforward controller F' was
implemented in MuPAL-«’s onboard flight control computer after
discretization by a bilinear transformation with 0.02 s, and the same
filters F; and F, were implemented after discretization by a zero-
order hold with 0.02 s.

Because M, , heavily depends on the objective of the handling-
quality investigation and the details of future investigations have not
yet been determined, in this paper, the following simple two models
are used as M, , to verify IFS controller performance:

Model 1:

1 0 1
Im = (S ¥ 1)2 |:_1 O]Mm (23)

0 : 0.5% ;
Iy = 4 §°40.35+0.5 U,
52+0.65+1

where z,, = [v, ¢]” and u,, =[8, 5,]".

As with the IFS controllers for the B747 and C880M models, HIL
simulations are first conducted to confirm GR suppression
performance and HR realization performance of our designed
controller. For lack of space, only GR suppression result is shown in
Fig. 19 (other results are included in [26]). Those figures confirm the

Model 2:

(24)

Table 4 Guaranteed performance defined

by Eq. (22)
Frequency, rad/s 1/¢(w)
0-0.14 0.02
0.14-0.96 0.1
0.96-1.81 0.2
1.81-2 0.25
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Fig. 19 Step-type gust response in HIL simulation.

following: the designed IFS controller depresses the overshoot and
shortens the settling time, which is shown in Fig. 19, and it realizes
HR defined by M, , ~with high fidelity. Thus, we proceed to the
flight tests of the IFS controller. During the flight tests the
atmospheric conditions were very calm and so GR suppression

performance could not be verified directly. However, it was
indirectly confirmed, as explained next.

Figures 20 and 21 show the flight-test results for aileron and rudder
doublet inputs for models 1 and 2, respectively. These confirm that z
faithfully coincide with z,,, directly showing high HR fidelity. These

; —_—— . .
N A — e — =

wee==Model #] —— MuPAL-0.
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Fig. 20 Time histories of flight test using model 1.
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Fig. 21 Time histories of flight test using model 2.
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results also indirectly confirm good GR suppression, because if this were not the case, then z,, would differ from z,,, which can barely be seen in
these figures.

Flight-test results for model 1 with manual pilot inputs and several related pilot comments are included in [26]. In the flight test, our IFS
controller faithfully achieves HR defined by M. , , although the maximum roll angle reaches about 45 deg.

ZmUm

V. Conclusions

This paper proposes a new controller framework for in-flight simulator (IFS) controllers to realize gust response (GR) and handling response
(HR) of a target aircraft simultaneously. The controller is a two-degree-of-freedom model-matching controller and is designed by the following
sequence: the feedback controller, which aims to vary GR characteristics, is first designed via the H,, model-matching approach considering
plant uncertainties, then the feedforward controller, which aims to vary HR characteristics, is designed via the H_, approach. Although the
feedforward controller is designed without considering plant uncertainties, its robust performance against the plant uncertainties is confirmed via
/4 analysis a posteriori.

Using the proposed method, IFS controllers for the lateral-directional (L/D) motions of a research aircraft for two different real target aircraft
models, a Boeing 747 and a Convair 880M, are designed and are confirmed by hardware-in-the-loop (HIL) simulations and flight tests to achieve
the simultaneous realization of HR and GR of the target aircraft.

In addition, an IFS controller for handling-quality investigation for L/D motions is designed, with the design requirements of gust response
suppression to as great an extent as possible and realizing a wide range of maneuverability by simply exchanging models that define the
maneuverability to be tested. HIL simulations and flight tests confirm that the designed controller well suppresses gust effect and achieves the
maneuverability defined by the model.

These experimental results demonstrate the applicability of our proposed method for IFS controller design.

Appendix: State-Space Matrices of MuPAL-« and Models
The state-space matrices

of P in Fig. 6 are as follows:

[ —0.17810  6.0791 9.7633 —65.623 0 2.8900 0 0 —0.17810 0 0 0 0
—0.057500 —3.8100 0 1.3430 —10.750 1.1870 0 0 —0.057500 O 0 0 0
0 1.0000 0 0.094352 0 0 0 0 0 0 0 0 0
0.025300 —0.062800 0  —0.47500 0.34500 —2.2200 0 0 0.025300 0 0 0 0
0 0 0 0 —5.2632 0 3.7895 0 0 0 0  —3.7895 0
0 0 0 0 0 —14.286 0 11.000 0 0 0 0 —11.000
0 0 0 0 0 0 —18.750 0 0 1.0000 0 37.500 0
0 0 0 0 0 0 0 —18.750 0 0 1.0000 0 37.500
1.0000 0 0 0 0 0 0 0 1 0 0 0 0
0 0 57.296 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 —6.2500 0 0 0 0 12.500 0
0 0 0 0 0 0 0 —6.2500 0 0 0 0 12.500
1 0 0 0 0 0 0 0 1 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0
L 0 0 0 1 0 0 0 0 0 0 0 0 0 |
(A1)

where the states, the inputs, and the outputs are, respectively,

[v; (m/s) p (rad/s) ¢ (rad) r (rad/s) §, (rad) §, (rad) x%]7

[v, (m/s) w} 8, (rad) &, (rad)]"
and
[v, (m/s) ¢ (deg) z§ v, (m/s) p (rad/s) ¢ (rad) r (rad/s)]"
Here, x, € R*, w, € R?,and z, € R?, respectively, denote the state, the exogenous input, and the exogenous output to define the delay model in

Eq. (7). Thus, they do not have their units because they are not actually existing variables.
The state-space matrices
A B
C D

of P, are as follows:
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[ —0.17810 6.0791 9.7633  —65.623 0 2.8900 0 0 0 0
—0.057500 —3.8100 0 1.3430 —10.750 1.1870 0 0 0 0
0 1.0000 0 0.094352 0 0 0 0 0 0
0.025300 —0.062800 0 —0.47500 0.34500 —2.2200 0 0 0 0
0 0 0 0 —5.2632 0 3.7895 0 —3.7895 0
0 0 0 0 0 —14.286 0 11.000 0 —11.000
0 0 0 0 0 0 —16.667 0 33.333 0 (A2)
0 0 0 0 0 0 0 —16.667 0 33.333
1.0000 0 0 0 0 0 0 0 0 0
0 0 57.296 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0
L 0 0 0 1 0 0 0 0 0 0 |
where the states are the same as in Eq. (A1), the inputs are [§,_ (rad) 8, (rad)]”, and the outputs are
[v, (m/s) ¢ (deg) v, (m/s) p (rad/s) ¢ (rad) r (rad/s)]"
Note that v, = v; holds because we now ignore gust v,.
The state-space matrices
A B
C D
of M, , are as follows:
For the B747 model:
—8.9000 x 1072 9.9566  9.6989 —66.621 0 0.99694
—1.9744 x 1072 —0.97500 0 0.32700  —0.22700  0.063600
0 1.0000 0 0.14945 0 0 (A3)
2.4940 x 1073 —0.16600 0 —0.21700 —0.026400 —0.15100
1 0 0 0 0 0
0 0 57.296 0 0 0
For the C880M model:
—0.13900 6.2432 9.7663 —68.601 2.5556 1.7221
—0.046309 —1.3900 0 0.98000  —3.8400  0.33500
0 1.0000 0 0.091007 0 0 (Ad)
7.2440 x 107> —0.11300 0 —0.21500 —0.40100 —0.32700
1 0 0 0 0 0
0 0 57.296 0 0 0
where the states are [v; (m/s) p (rad/s) ¢ (rad) r (rad/s)]", the inputs are [§, (rad) §, (rad)]”, and the outputs are [v, (m/s) ¢ (deg)]”.
The state-space matrices A, B, C,and D of M, w, are, respectively, Simulator MuPAL-«,” Journal of Guidance, Control, and Dynamics,

Vol. 29, No. 6, 2006, pp. 1476-1481.

given as A, the first column of A, C, and the first column of C, with )
doi:10.2514/1.25685

matrlces.A, B, etc., in Eq. (A3) or Eq (M)’ where the states are the Kawahata, N., “Model-Following System with Assignable Error
same as in Eq. (ﬁ) or Eq. (Ad), the input is Vg m/s, and the outputs Dynamics and Its Application to Aircraft,” Journal of Guidance,
are the same as in Eq. (A3) or Eq. (A4). Control, and Dynamics, Vol. 3, No. 6, 1980, pp. 508-516.
[7] Adams, R. J., Buffington, J. M., Sparks, A. G., and Banda, S. S.,
“Robust Multivariable Flight Control,” Advances in Industrial Control,
References Springer—Verlag, London, 1994, pp. 56-68 and 128-141.
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