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Nomenclature

{A,B,C,D} = state-space representation of a system with
transfer function D + C(sI — A)~'B

G(s) = transfer function of system G

1G($)]l o = H, norm of system G

1 = appropriately dimensioned identity matrix

p = roll rate

q = pitch rate

r = yaw rate

u = forward-backward velocity

v = side velocity

w = vertical velocity

84> 84, = aileron deflection (rad) and command (rad)

SpLe> Spue, =  direct lift control (DLC) flap deflection (rad)
and command [rad]

8., 8, = elevator deflection (rad) and command (rad)

ols Opl, = power lever deflection (mm) and command

(mm)

8.8, = rudder deflection (rad) and command (rad)

0 = pitch angle

T = engine torque

¢ = roll angle

¥ = yaw angle

0 = appropriately dimensioned zero matrix

1. Introduction

HE Japan Aerospace Exploration Agency (JAXA) has been

developing a new in-flight simulator, the multipurpose aviation
laboratory-o (MuPAL-«) [1] (Fig. 1), and a flight controller to enable
it to simulate the motions of different aircraft. A model-matching or
model-following controller is to be used for this purpose, similarly to
other in-flight simulators such as the total in-flight simulator (TIFS)
[2], the variable stability and response airplane (VSRA) [3,4], the
advanced technologies testing aircraft system (ATTAS) [5], and the
variable stability in-flight simulator test aircraft (VISTA) [6].
Investigation into handling qualities is to be a primary research
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application for MuPAL, and so the objective of our flight controller
design is to obtain a single controller which can simulate the
maneuverability of a variety of target aircraft. Although the
simulation of gust response is also important, pilots usually
compensate for gusts immediately, that is, motions induced by gusts
are immediately cancelled by the pilot, and so gust response
simulation is less of a priority than the simulation of maneuverability.
For this reason, we ignore the simulation of gust response in
exchange for being able to simulate a wide variety of
maneuverability.

One methodology to satisfy such a requirement is to design a
model-matching controller using only a feedforward controller; that
is, as shown in Fig. 2, design a right inverse system of the plant,
which represents the dynamical model of MuPAL-o, as a
“feedforward controller,” and set the dynamical model of the aircraft
to be simulated as the “model.” With this framework, we can realize a
variety of different maneuverability characteristics by simply
exchanging models because, since the feedforward controller is a
right inverse system of the “plant,” the feedforward controller
produces the “plant inputs” which are needed for the plant to produce
the “model outputs.”

Ideal inverse systems for continuous-time systems were first
proposed by Silverman [7], but the design method proposed therein
requires differentiators, which makes it impractical because it is
impossible to create differentiators in real systems. To overcome this
drawback, filtered-type inverse systems have been proposed by
Yoshikawa and Sugie [8], and several design methods for them and
some similar filtered-type inverse systems have been proposed (see
Sato [9] and references therein). In our design, we adopt the
definition of inverse systems presented in Sato [9] and the design
method therein, because the inverse system presented in [9]
encompasses the inverse system in [8]; other design methods usually
produce right inverse systems with direct terms, which lead to high
gain in the high frequency range that consequently makes them
impractical to implement. An alternative approach is to extend the
method of Yang [10] to the inverse system design, but this requires
another system acting as a low-pass filter, which increases the degree
of the inverse system and consequently leads to the increase of
computational complexity for the on-board computers. For these
reasons, we apply the design method of [9] to the design of the
model-matching controller for MuPAL-c.

The most important contribution of this paper is that we
demonstrate that the right inverse systems can simulate the
maneuverability of a variety of target aircraft simply by replacing the
dynamical model which represents the maneuverability of the target
aircraft, and this has been confirmed by flight tests.

In the following, we first introduce the definition and design
method of right inverse systems presented in [9], and then show our
design for the linearized longitudinal and lateral-directional motions
of MuPAL-« around some equilibrium point. MuPAL-o has two
conventional inputs for lateral-directional motions (ailerons and
rudder), and for longitudinal motions has two conventional inputs
(elevator and propeller thrust) and an additional input, a direct lift
control (DLC) flap. Therefore, MuPAL-« can simulate two variables
for lateral-directional motions and three for longitudinal motions,
and these are set as v and ¢, and u, w, and 6, respectively. We then
show flight test results which confirm that the designed right inverse
systems have good model-matching performance with two models,
and finally present conclusions.
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Fig. 1 Multipurpose aviation laboratory-o« (MuPAL-«).
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Fig. 2 Block diagram of model-matching controller using feedforward
controller.

II. Controller Design

In this section, we describe the design method of the right inverse
systems for linear time-invariant systems proposed in [9] and then
apply it to the controller design for MuPAL-«.

A. Design Method of Right Inverse Systems

For completeness, we first show the definition of inverse systems
introduced in [9].

Definition 1: Given a stable plant G and a stable diagonal weight
function W, if there exists a stable and proper system G that satisfies
(1), then G is a right inverse system of (G, W):

[W(s){G(5)G(s) — I} <1 (1

If G satisfies this definition, then the cascaded system Q = GG
satisfies the following Lemma, where the ith diagonal element of
W(s) is denoted as W;(s).

Lemma 1: If G satisfies the condition of Definition 1, then Q =
GG satisfies  (2-4), for any frequency «, where
C(wy) = min;|W;(jwy)| > 1 is satisfied:

1= 1/8wy) <|Q;i(jwo)l <1+ 1/8(wp), Vi 2)

|£Qii(jwo)| < arcsin1/E(wy), Vi 3

10, Gwo)l < 1/8(@0). VY ij. i) @

where Q;;(jw,) denotes element (i, j) of Q(jw).

For the proof, please refer to [9].

Lemma 1 shows that if the minimum gain of W at some frequency
is sufficiently large, then diagonal elements have almost unity gains
and sufficiently small phase deviations from zeros, and nondiagonal
elements have sufficiently small gains at the frequency. Although we
have no descriptions on the phases of nondiagonal elements, the third
inequality (4) shows that if the minimum gain of W at some
frequency is sufficiently large, then the gains of nondiagonal
elements at the frequency are all sufficiently small, and so the effects
of phases are negligible. Therefore, Lemma 1 shows that G works as
a right inverse system of G for any frequency where the minimum
gain of W is sufficiently large.
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The assumption of the stability of G seems to be a little restrictive
at first, but we can easily satisfy it by first designing a feedback
controller that stabilizes G, then designing G for the augmented
system that includes the feedback controller. Thus, the stability
assumption of G is not restrictive in practice.

From Definition 1, to design the right inverse system G is to solve
the H, control problem for the following generalized plant, where
the state-space representations of G and W are, respectively, given as
{A,.B,.C,,D,}and {A,, B,,.C,,D,},

P P
é‘ gl gz _| B.C, A, -B, B,D, s)
Lo 2l -\n,c, ¢, -D, DD,

C2 D21 D22 0 0 1

We assume_that the right inverse system is full order, that is, that
the degree of G is equal to the sum of the degrees of A, and A,,, and if
it has no direct term, then it is easily obtained as follows [11]:

{(—P;IL + B,W; + APf)s—l, —P;'W,, Wfs—l,o} ©)

where S = P, — P, after solving the following two linear matrix
inequalities (LMIs) with the aid of software such as the LMI control

toolbox [12]:
[ I P g] =0 @

Oy LT +A 0} B
L+AT 0, Cl Oun
03 C, -1 Dy
BY o, D, -I

<0 ®)

where P, = P}, P, =PI L, W, and W, are decision variables, and
QfZAPf+PfAT+B2Wf+W}‘Bg, Q31 =C1Pf+D12Wf,
Qg = PgA +ATPg, and Q24 = PgBl + Wg'

B. Controllers for MuPAL-«

We now design right inverse systems for the linearized
longitudinal and lateral-directional motions of MuPAL-« at a true air
speed of TAS = 66.5 m/s and an altitude of H = 1520 m.

The MuPAL-« actuators are modeled as follows:

1 0.92
R e
8y = ! )
PT0.08s + 1P
1 1
§, =—-9§ §,=——9§ 10
“0ds+1 " T 0dls4+1 7 (19)

We, respectively, implement the following feedback controllers for
the longitudinal and lateral-directional motions to lessen initial trim
errors at the beginning of in-flight simulation experiments. Further,
the controller (12) stabilizes the lateral-directional motions of
MuPAL-« with actuator models in (10),

8, =030 (11)

8, =0.2¢ (12)

The plant systems Gs for which we want to design inverse systems
are given as the augmented systems which are composed of the
linearized longitudinal motions of MuPAL-«, (9) and (11), or the
linearized lateral-directional motions of MuPAL-c, (10) and (12).
Their state-space representations are, respectively, given in (Al) and
(A2) in the Appendix.



1478 J. GUIDANCE, VOL. 29, NO. 6:

(1,2)element

(1,3)element

_ 11 ,l)element

50

Gain [dB]

-100°
180 ==

-180
-360
50—

Phase [deg]

-50

-100°
180

Gain [dB]

-180
-360
50—

Phase [deg]

(3,2)element

-100! >

180,

-180F =770 o ez .
-360 N = 2 2 -1 0 1 2 2 - =
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Frequency [rad/s]

Phase [deg] Gain [dB]

Fig. 3 Bode plots of the cascaded system Q for longitudinal motions.

The weight functions Ws that specify the performance of the Gs
and their frequency ranges are, respectively, set as follows for
longitudinal and lateral-directional motions:

0.01s + 15

W) = 500157 (13
0.01s + 15

_ OO0+ > 14

W) = 000152 (14

These weight functions are set to satisfy the following design
specification for the cascaded system Q = GG, where G denotes the
augmented system of longitudinal or lateral-directional motions, and
G denotes the right inverse system to be designed.

1) For the low frequencies under 2 rad/s:

1) gain errors of diagonal elements of Q from unities must be less
than 15%,

ii) delay times that are calculated as pure delay time from phase
delays of diagonal elements of Q must be less than 15% of each cycle
time, and

iii) gains of nondiagonal elements of Q must be less than 15%.
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Fig. 4 Bode plots of the cascaded system Q for lateral-directional
motions.
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In other words, 1/¢{(w) in Lemma 1 is set as 0.15 for w € [0;2].
This design specification is given by considering that the periods of
short-period mode and dutch-roll mode of civil aircraft are almost
greater than 3 s, that is, their oscillation frequencies are almost less
than about 2 rad/s. Therefore, the above design specification is
adequate for the model-matching controller design for MuPAL-«.
However, if we need to simulate military aircraft motions, the above
design specification may be inadequate. The relationships among the
designed controller performance, the preciseness of plant models,
and the weight functions were investigated in the conference version
of this paper [11]; for further details on setting the weight functions
(13) and (14), please refer to it.

After solving LMIs (7) and (8) for longitudinal and lateral-
directional motions, we obtain right inverse systems for each motion.
Their degrees are, respectively, 11 and 8 for longitudinal and lateral-
directional motions. We omit their state-space representations due to
lack of space. Figures 3 and 4, respectively, show the Bode plots of
Qs for longitudinal and lateral-directional motions. The Bode plots
of Gs are also drawn for comparison. We easily confirm that, not only
for low frequencies under 2 rad/s but also for the middle frequencies
from 2 to 10 rad/s, the diagonal elements of Qs have almost unity
gains and have very small phase delays, and the nondiagonal
elements of Qs have very small gains. Although the nondiagonal
elements of Qs have large phase deviations from zeros, their effects
are negligibly small because they have very small gains for low
frequencies under 2 rad/s. Therefore, the designed Gs are confirmed
to work as the right inverse systems of each plant for low frequencies
under 2 rad/s.
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Fig. 6 Elevator doublet responses: Jet Star model.
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<

—— MuPAL-¢_------ model

100 120

140
t[s]

Fig. 11 Time history of turns: B747 model.

| L
80 100

(=1

120

Fig. 12 Time history of turns: Jet Star model.



1480 J. GUIDANCE, VOL. 29, NO. 6: ENGINEERING NOTES

III. Flight Tests

We use two aircraft models to verify the performance of the designed right inverse systems: a Boeing 747 [13] and a Lockheed Jet Star [13].
Engine data for these models were not available, so the aircraft engines are both modeled as a first-order system with a time constant of 5 s.

We implement right inverse systems after discretizing them using bilinear transformation with 0.02 s. We also implement a filter
1/(0.03s + 1) for each pilot input after discretizing it using zero-order hold with 0.02 s to reduce electrical noise. The models are implemented
after discretization using a zero-order hold with 0.02 s.

We first verified the performance of the right inverse systems by hardware-in-the-loop (HIL) simulations, which confirmed that they worked as
the right inverse systems of each augmented system; that is, they exhibited a good model-matching performance for the two models. (Time
histories are omitted for lack of space.) After HIL simulations, we conducted flight tests to verify their performance under real conditions.

In flight tests, encountering gusts is inevitable, and under the influence of gusts the variables to be matched will exhibit discrepancies with the
model data because the model-matching controller has neither servo nor regulator functions. For this reason, we conducted the following flight
tests under as calm conditions as possible. However, even if MuPAL-o encounters severe gusts the realization of maneuverability which is shown
in the following holds because the simulation of maneuverability is realized with only feedforward controllers. (In such a case, variables to be
matched will have wide discrepancies with the model’s data in time history data; however, the maneuverability is realized.)

Figures 5 and 6 show the models’ responses to elevator doublets, and Figs. 7 and 8 show time histories of climb and descent under manual pilot
control, where Ah denotes the height deviation of MuPAL-«. These tests were executed under conditions differing slightly from the nominal:
TAS = 65-73 m/s and H = 2000-2500 m/s. Although the forward—backward velocity u of MuPAL-« in Figs. 7 and 8 sometimes shows
discrepancies with the model data, other variables to be matched, w and 6 in Figs. 5-8 and u in Figs. 5 and 6, correspond closely with the model
data; that is, MuPAL-« faithfully simulates the longitudinal maneuverability of the target aircraft.

Figures 9 and 10 show the models’ responses to a rudder doublet, and Figs. 11 and 12 show time histories of turns under manual pilot control.
These tests were executed under conditions differing slightly from the nominal: TAS = 65-69 m/s and H = 1800-2100 m/s. We did not
implement any yaw stability augmentation systems for the B747 model; therefore the oscillation frequency and the damping ratio of the dutch-roll
mode are very low, and thus it took a long time for the dutch-roll mode to be settled. Although roll angle ¢ in Figs. 9 and 10 shows discrepancies
with the model data, other variables to be matched, v in Figs. 9-12 and ¢ in Figs. 11 and 12, correspond closely with the model data; that is,
MuPAL-« faithfully simulates the lateral-directional maneuverability of the target aircraft.

In these tests, we did not change the model-matching controller of MuPAL-«, but simply replaced the model in Fig. 2; that is, our designed
controller is confirmed to realize a variety of maneuverability simply by replacing models.

IV. Conclusions

We present the model-matching controller design for an in-flight simulator MuPAL-« for its linearized longitudinal and lateral-directional
motions around an equilibrium point and show flight test results of designed controllers. The controllers are composed of simple feedback
controllers, which are designed to reduce initial trim errors, and feedforward controllers which are right inverse systems of linearized longitudinal
or lateral-directional motions of MuPAL-« with each actuator model and each simple feedback controller. In this framework, we ignore the
simulation of aircraft motions due to gusts, which is the only drawback of our design; however, we attain a large range of maneuverability simply
by replacing the models which represent the dynamic models of target aircraft, and this has been confirmed by flight tests.

Appendix: State-Space Representations of Linearized Motions of MuPAL-«a with Actuator Models
and Feedback Controllers

& 5]

[ —0.016231 0.17214  —6.0900 —9.7638 0.026805 0.46601 0.36894 0 0 0 0
—0.18323 —1.0930  64.546 —0.91532  —5.9310x 10~ —4.9383 —6.7070 0 0 0 0
7.9857 x 107 —0.069232 —1.9025 6.6727 x 10~ 6.7679 x 10™* —4.2540 0.83489 0 0 0 0
0 0 1.0000 0 0 0 0 0 0 0 0
0 0 0 0 —2.2133 0 0 3.1267 0 0 0
= 0 0 0 3.0000 0 —10.000 0 0 10.000 0 0
0 0 0 0 0 0 —14.286 0 0 13.143 0
0 0 0 0 0 0 0 —12.500 0 0 12.500

1 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0

L 0 0 0 57.296 0 0 0 0 0 0 0 |

(AD)

where the state variables are [u (m/s), w (m/s), g (rad/s), 6 (rad), t (%), 6, (rad),dp;c (rad),and §, (mm)]"; the input variables are [8,, (rad),
Sprc, (rad), and 8, (mm)]”; and the output variables are [ (m/s), w (m/s), and 6 (deg)]".

[ —0.17810  6.0791  9.7633 —65.623 0 28900 0 0
—0.057500  —3.8100 0 13430 —10.750 1.1870 0 0
0 1.0000 0 0.094352 0 0 0 0
[A B]: 0.025300 —0.062800 0  —0.47500 0.34500 —2.2200 0 0 A2
c D 0 0 2.0000 0 ~10.000 0  10.000 0
0 0 0 0 0  —10000 0  10.000
1 0 0 0 0 0 0 0
L0 0 57.296 0 0 0 0 0 |
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where the state variables are [v (m/s), p (rad/s), ¢ (rad), r (rad/s),
8, (rad), and §, (rad)]"; the input variables are [6, (rad),
8, (rad)]"; and the output variables are [v (m/s), ¢ (deg)]”.
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