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Theory and Flight Verification of the TIFS Model-Following
System

PauL R. Motyka,* EpMUND G. RynaskL,? AND PHiLIP A. REYNOLDS!
Cornell Aeronautical Laboratory, Inc., Buffalo, N.Y.

The content of this paper describes the theoretical development and flight-test results of the model-following
control system of the Air Force Total In-Flight Simulator (TIFS). A discussion of the conceptual design and

detailed development of the system configuration is given.

The manner in which the feedforward, gust compen-

sator and lateral-directional feedback gains are obtained is developed. The feedforward and gust compensator

gains are obtained by simple matrix algebra calculations.

A sensitivity minimization approach using modern

control theory is used to obtain the lateral-directional feedback gains. Digital simulation results are included
to show the improvement in model-following achieved with the feedback gains determined by this approach.
Time histories of the mode} and TIFS responses from flight test are also included to show the quality of model-
following obtained with the system for both the lateral-directional and longitudinal modes of operation. These
results verify the theory and design procedure used to obtain the TIFS model-following control system.

Nomenclature

ex; = error signal = xy,, — x;

F = a square matrix of the dimensional stability derivatives of
the simulator

G = matrix of dimensional control derivatives of the simulator

J = the turbulence effectiveness matrix whose elements define
the forces and moments produced on the simulator by

gusts
AK = perturbation to initial value of feedback matrix
K, = gust compensator gains
K,, = feedforward gains on x,
Knp = feedforward gains on %,
K, = feedback gains
K,, = initial value of feedback gain matrix
R, Q = weighting matrices of the performance index
u = a vector representation of the simulator control variables
v = variable parameter of the simulator
W = performance index
x = a vector representation of the simulator response variables
X; = ith response variable

0F[ov = the partial derivative of the elements of the F matrix with
respect to v

0G/ov = the partial derivative of elements of the G matrix with
respect to v

ox/év = sensitivity of x vector with respect to a variation in v

d; = deflection of the jth control surface

8;/ex; — the feedback gain between the control surface 8; and the
error signal ey;

8,/x1,, = the feedforward gain between the control surface, &;, and
the model response variable x;,,

S/Skg — the gust compensator gain between the control surface 8,
and the gust excitation &,

S, = side force surface deflection

8, = direct lift flap surface deflection

€ = a vector representation of gust excitations

&y, = the kth gust signal

s = the damping of a second-order system

w, = the natural frequency of a second-order system
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Superscripts

T = transpose

—1 = matrix inverse

Subscripts

g = gust

I = inertial signal

m = model

ps = variable at TIFS pilot’s station
TCG = variable at TIFS center of gravity
C = control command signal

Introduction

HE theoretical development and flight-test results of the

model-following flight control system for the Air Force
Total In-Flight Simulator (AF/TIFS)!, shown in Fig. 1, are
presented in this paper. The TIFS airplane is a Convair C-131
modified to obtain independent control of all six degrees of
freedom of motion of the vehicle. In addition to the usual
pitching, rolling and yawing moment control with the elevator,
aileron and rudder, the airplane has been modified to provide
for variable thrust, variable side forces by the addition of
movable surfaces mounted on and normal to the wings, and
variable lift forces through the use of direct left flaps. Control
of axial forces is obtained through an electromechanical servo
which varies the thrust of the turboprop engines. Each of the
other force and moment producing devices is driven by an
electrohydraulic servo and the airplane, when configured as a
flight simulator, is flown “by wire.” A second cockpit, in
addition to the normal C-131 cockpit, has been attached to the
nose of the airplane. The purpose of this added cockpit is to
guarantee the realistic simulation of the pilot’s immediate
physical surroundings, such as cockpit visibility, displays, and
controls having proper feel characteristics.

The TIFS model-following system is unique in comparison
to previous systems. The design concept used in the past
was based upon using high-error feedback gains between the
model and simulator so that the simulator approximated a

Fig. 1. USAF total in-
flight simulator.
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unity transfer function system over the frequencies of inter-
est. The magnitude of feedback gains required for good
model following is often unrealistic due to servo dynamics,
sensor noise, etc. In contrast, the TIFS control deflections
which are required for model following are computed primarily
by the feedforward gains between the model and TIFS. The
feedback gains are used for the purpose of reducing the
sensitivity of the model-following system to parameter
variations and reducing the model-following errors after the
control system is simplified and mechanized. Good model
following at one flight condition can be obtained with no
feedback at all, but without feedback, the complexity of the
system would increase (the system could be not simplified very
much) and the quality of model following would deteriorate
rapidly as the flight conditions changed.

The paper begins with a general discussion of the objectives
and conceptual design of the TIFS model-following system.
A more detailed theoretical development which leads to the
determination of the system configuration then follows.
Consideration is given to the design of the feedforward, gust
compensator and feedback gain systems which comprise the
TIFS model-following system and the techniques by means of
which these gains are computed. Results, in the form of
overlays of the model and TIFS time histories, are presented
to show the quality of model following obtained from a digital
simulation of the final system. - Flight-test data are then given
to show the quality of model following actually achieved in
flight. Lateral-directional and longitudinal responses are
shown which substantiate the theory and the design procedure
used to obtain the TIFS model-following control system.

Conceptual Design of the TIFS Model-Following
System

The objective of the TIFS system is to duplicate the flight
path, transients, attitudes and control system characteristics
of large aircraft in both a smooth and turbulent environment.
"Of particular interest is the accurate reproduction of the
model’s lateral and vertical accelerations at the evaluation
pilot’s station. These objectives are to be achieved by the
model-following control system. In addition, a correct
environment for the evaluation pilot is provided by the
addition of a second cockpit, so that the cockpit and outside
visual references are representative of the vehicle being
simulated.

Because it was desired that the model and TIFS responses be
identical at the evaluation pilot’s station, the pilot’s station
of the model and the TIFS were assumed to be coincidental.
This implied that the model c.g. and TIFS c.g. were not co-
located. Therefore, a transformation of the model equations
of motion from the model c.g. to the TIFS c.g. was necessary
to provide a common reference and a guarantee a dynamic
match at the TIFS evaluation pilot’s station.

Figure 2 is a block diagram showing the final configuration
of the TIFS model-following system which evolved from the
theoretical investigations. Three distinct sets of gains are
required: 1) Feedforward gains K» and Kw, which yield

theoretically exact model following. These gains are inde-
pendent of the model dynamics and the command. or turbu-
lence inputs; 2) Gust compensator gains K, which are only
a function of the dynamic characteristics of the TIFS. Gust
signals, when amplified by the gains K,, drive the controls
so as to counteract the forces and moments produced on
TIFS by turbulence and result in theoretically exact gust
alleviation; and 3) Feedback gains K, to minimize the dyna-
mic sensitivity of the system to changes in flight condition of
the vehicle. This enables the vehicle to fly over a relatively
wide flight range without the need to program the feed-
forward gains in order to maintain accurate model following.
In addition, the feedback loops lessen the effect of unknown
or inaccurately identified dynamic characteristics of the
TIFS vehicle.

It was felt that a system with constant gains would result in
satisfactorily accurate model following over the entire landing
approach “island” of operation. The constant gain system
was determined by first choosing a nominal flight condition
within the required terminal area ‘“‘island” of operation.
Feedforward and gust compensator gains to give theoretically
exact model following and gust alleviation at this flight
condition were then calculated. The constant feedback
gains were then chosen to minimize the dynamic sensitivity of
the model-following system to changes in flight condition
throughout the landing approach ‘‘island.”

Design of the Model-Following Control System

This section is devoted to a discussion of the design tech-
niques used to obtain the system gains just discussed. Con-
sider first the feedforward gains which are chosen to give
theoretically exact model following at a nominal flight
condition in the landing approach island. Let the linearized,
small perturbation equation of motion for the model be
represented in the general form

Xm= FuXm + Gultm @

The linearized, small perturbation motion representation of
the TIFS aircraft is the same form as the model but without
subscript, i.e.,

x=Fx+ Gu 2

The control law that will theoretically force the TIFS to
respond as the model is given by

U= Knpim+ KnXm— Kpx 3)
=(GTG) G "[kp — (F— GKp)xm] — K,x 4)

K .p and K., are obtained by substituting Eq. (3) into Eq. (2),
letting x=x. and X=X, as desired, and equating like
coefficients. This equation reveals that accurate model
following depends directly upon a knowledge of the stability
and control derivatives of only the TIFS airplane. The
control system design just described is unique in its compu-
tational simplicity. The determination of the feedforward
gains for any feedback configuration require only matrix

TURBULENCE

CANNED —) U
TURBULENCE GUST
COMPENSATION

72

————> MODEL

FEEDFORWARD
FOR MODEL FOLLOWING

MEASUREMENT

€, TURBULENCE
Fig. 2 Block diagram of TIFS control

% system.
TIFS
14 0 | G—

FEEDBACK FOR

SENSITIVITY MINIMIZATION



MAY 1972

algebra computational routines. It has also been found
that many of the individual elements of the gain matrices
can be eliminated, with negligibly small effect on the model-
following capability of the system, thus simplifying the actual
implementation on the TIFS computers. The TIFS flight-
test results have proven that the estimates of the stability and
control derivatives of the base airplane which are available
from wind-tunnel testing, engineering calculations, etc. are
sufficient for use in determining the feedforward gains which
lead to good model following. Of course, the more accurately
these derivatives are known the better the quality of model
following.

Several assumptions are inherent in the derivation of the
equations for the feedforward gains required for the TIFS
responses to perfectly match those of the model. For
instance, it is assumed that the linear, small perturbation
representation of both the TIFS and model is valid. Further-
more, the effect of the actuators and sensor dynamics has
been neglected. Experience has shown that this is a valid
assumption if the actuator bandwidth is about three times
greater than the frequencies present in the model and TIFS
dynamic responses. The fact that six independent controls
exist on TIFS, one for each force and moment, also allows the
TIFS responses to exactly match those of the model. This is
not true when a conventional aircraft, with only four control-
lers, is used for the simulator.

Turbulence Simulation and Alleviation

In addition to model following and sensitivity reduction,
another goal of the TIFS flight control system is to guarantee
that the TIFS airplane responds appropriately to turbulence,
either existing atmospheric or artificially generated turbu-
lence. Proper model following in the presence of atmospheric
turbulence requires gust alleviation of the TIFS airplanes,
measurement of the turbulence field, and proper insertion of
the measured turbulence into the model computer.

The feedback gains, although designed for sensitivity
minimization, do, by their very presence, produce some gust
alleviation. In addition, the gust compensator has the effect
of reducing the vehicle perturbations even more. This
compensation is designed as follows.

The TIFS equations of motion are assumed to be of the
form

x=Fx+Gu+Je )
The gust compensation is defined by
u=—(G"G)'GJe 6)

which comes about by requiring that the excitation to the
TIFS equations of motion be zero, i.e.,

Gu+Je=0 Y]

All of the assumptions made in the derivation of the
equation for exact model following are also inherent in the
derivation of this equation for exact gust alleviation. They
are: 1) The linear, small perturbation equations of motion are
assumed to be valid; 2) Independent control of all six degrees
of freedom is necessary to provide exact gust alleviation; and
3) Accurate knowledge of the TIFS vehicle control and turbu-
lence effectiveness derivatives is necessary.

Furthermore, this solution is only a first approximation to
the exact gust alleviation solution since the effects of finite
actuator bandwidth have been neglected. In practice, the
frequency responses of the servos limit the spectrum which
can be alleviated since the rates at which the controllers can
move is limited. The aircraft response to gusts at frequencies
lower than the servo bandwidths are alleviated while higher
frequencies may actually be amplified. With regard to
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turbulence simulation, it is felt the combination of matching
the low-frequency gust responses of the model and the high-
frequency turbulence responses of the aircraft, which cannot
be eliminated nor simulated, will provide a response spectrum
which is not drastically different from the actual total turbu-
lence response of the model vehicle.

Sensitivity Minimization of the Model-Following
System and Feedback Gain Design

The feedback gains of the model-following system were
chosen to minimize sensitivity and enable the TIFS vehicle
to fly over as wide a range of conditions as possible without
a gain scheduling requirement. The determination of these
gains is complicated by the fact that sensor noise, structural
modes, etc., limit their magnitude in practical situations.
Furthermore, it was felt that constant gains rather than gains
programed as a function of flight condition would produce
adequate model following over the terminal area operation
“island.”

Two different design approaches were developed to obtain
the feedback gains, one each for the lateral-directional and
longitudinal modes of motion of the vehicle. The longitudinal
design procedure has already been published in Ref. (2) and is
not repeated here.

The lateral-directional feedback gain system was determined
by using a senmsitivity minimization approach. In this
approach, an initial set of feedback gains K,, is assumed.
The feedforward gains are computed by Eq. (4). A perturba-
tion to this original gain matrix AK is then computed which
results in lower system sensitivity. A new value of K,
and the corresponding feedforward gains are obtained. An
iterative procedure is then followed to obtain a set of feed-
back gains within realizable magnitude limitations and a
corresponding set of feedforward gains. The folowing
performance index was formulated to reflect the desire to
minimize the sensitivity of the TIFS response variables to a
variation in a parameter v:

W= f (o)) Qo)) + FTRZd ®)

where
X7 = [xT,xn" tn"] ©

This performance index is constrained by the sensitivity
equations of the model-following system which can be shown
to be

x/0v = (F — GK,o)(0x/v) + AX (10)
where

A = [(8F|ov) — (3G 2v)(K o),
— (8G/80) (K + KupF), (6G/20)KnpGul (11)

The optimum control law is well known and given by

£= — R~*ATP(dx/2v) (12)
where P is the positive definite solution of the Riccati equation

P(F— GKpy) + (F— GK,0)"P — PAR*ATP+ Q=0 (13)

More explicitly, the control law is of the form

X K,

Xn| = — | Kp, | (6x/00) (14)

um KPS

where K,,, K,, and K,, are partitioned submatrices of the
R-'ATP term of Equation (12). Substituting Eq. (14) and
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(11) into Eq. (10) results in a closed-loop regulator for the
sensitivity vector equations whose motions are defined by

ox oF oG
317 [(F GKpo) ( o0 Fl; Kpo)Km
oG X
(Km + K’"DF'")KIJZ + KMDG Kpa] o (15)

The results of the previous analysis required a generation of
the sensitivity equations and an implementation of the control
law given by Eq. (14). However, this is not desirable because
of the complexity of generating 9x/dv and not feasible because
x, and u,, are not free variables.

An alternative technique for using the results of the previous
approach to achieve a lower system sensitivity and which is
consistent with the idea of using just the feedback gains for
sensitivity minimization is now discussed. ILet AK denote a
perturbation to the initial feedback gain matrix K,,. The
objective is to determine a AK which results in lower system
sensitivity. For the feedback gains K,, + AK the sensitivity
equations of the model—following system are

ox 17 17/
_x = [F G(Kpo + AK)] . [_F - '—G(Kpo + AK):l X —
av v av
17,
9C Kom -+ KopF)im— 8 Ko Gt (16)
v v

It is desired to have Eq. (16) reflect the results of Eq. (15)
by just a change in the initial feedback gains AK. A com-
parison of these two equations reveals that no value of AK
exists which will make them identical. As a compromise it
was decided to find the AK which equates the sensitivity
portion of the two equations, i.e.,
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Equating coefficients and solving for AK results in

oF oG
AK = (GTG)_IGT{ (g — FIJ— KPO)K“
oG oG
- _3; (Km + KmDFm)sz - '5; KmnGprs} (18)

The initial feedback gain matrix is then changed by this
quantity in an attempt to arrive at a system with lower
sensitivity to parameter variations. Gains within prescribed
magnitudes are easily obtained by properly selecting Q and R.
Digital simulation results showing the quality of model
following obtained with the system resulting from this
approach are given in a later section.

Control Law Simplifications

This section contains the general form of the control law
of the TIFS model-following system. This system of gains
is that which resulted after simplification of the theoretical
gain system. Many gain elements contributed relatively
little to the performance of the system and were eliminated
with negligible loss in performance. Furthermore, when the
model-following configuration was mechanized, the following
modification to the form of the control law, obtained by
expanding Eq. (4), was made to obtain direct error feedback

= {(G"G)"'GTxn —(G"GC) G Fxp + Kp(xn — x,) (19)

x oF oG This modification produced mechanization conveniences that
[F = G(Kyo + AK)] E {(F GKro) — [ w e K‘"’] K made it easier to set up the flight-test program and analyze the
results.
+ i ( K+ KnpFo)Kos + G KmDG Kps} x an The‘control layv fqr the longitudinal mode of TIFS model-
ov following operation is
e Sefeq Beles B.ffeq 0 0 0 0 0 e,
I:ch:| = l: 0 0 0 S.jer  Oxfeay Oi/JAV 0 0 } €
Bzc Sz/e,, 0 0 0 0 0 Sz/eAa SZ/J‘ €Aa j (4]
ey
€Ay
f €av
eAaz
j’ eAzx_
Sf/qm 0 3 /V"'TCG 0 0 qm 0
—+- |: 0 0 x/V,,,TCG 0 0 ] Gm + x/o‘y 227
0 8:/‘1»: 0 8z/é‘mn:(; 8z/AC"mrct; Virce 8 o
meCG
Amrce
Similarly, the lateral-directional control law is
84, Safe, Oues O 0 0 0 e,
[8,0] = [ 0 0 8,/e, 8,/sine, d,/e; 8,/j‘e,;] es
Syc 0 0 0 0 Sy/eﬂ Sy/jeg Y
sin ey
€
fes
Slpm Salpw O 0 0 0 8fBue O [ B 8ulfs
+ [ 0 8:/Pm S:fbm S4ffm Sfrm 8./Bmrce O+/Bmres 0 ] pm |+ |8Bs |Bs
0 8y/Dum 0 8y/Fm 0 0 oBmrce  Ov/Mymree ¢’m ’/lg
Pm
2 rm
ﬁ"‘TCG
mrCcG
| fymrce
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Fig. 3 Digital simulation model-following results; nominal flight condition ; minimum sensitivity feedback gains 0,pcc1m = 1 degree step.

Digital Simulation Results

An evaluation of the AF/TIFS model-following system
using a digital simulation was undertaken prior to flight test
in order to ascertain the quality of model following achievable
with the system designed using the techniques presented
previously. The simulation was as realistic of the in-flight
system as feasibly possible. The model and TIFS included
nonlinear aerodynamics and kinematics. In addition, the
dynamics of the actuators were accounted for in the simulation
and modeled as linear, second-order systems. One intent of
performing the simulation was to determine what effects these
nonlinearities and dynamics would have on the quality of
model following for a control system designed by neglecting
these effects. Another intent was to ascertain the effects of

the simplification of the control law achieved by the elimina-
tion of gains which were felt to have a negligible effect on the
operation of the system. Mostimportantly the simulation was
used to assess the performance of the model-following system
at different flight conditions in the landing approach “island,”
i.e., the sensitivity of the model-following system.

Figures 3, 4, and 5 contain results of the digital simulation
for the TIFS model following a representation of a convention-
al jet transport. They are included to justify the theory and
techniques developed in the previous sections. The responses
shown are for a 1° wheel step into the model. Figure 3
shows the results for the nominal flight condition chosen for
the landing approach island which was at an altitude of
5,000 ft and a speed of 273 fps. Included are overlays of the
accelerations, velocities and position variables of both the
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Fig. 4 Digital simulation model-following results; off-nominal flight condition; minimum sensitivity feedback gains Swheetm = 1 degree step.
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model and TIFS. The model responses are the solid lines
while the TIFS responses are dotted. Control deflections are
also given.

Figure 4 shows similar results for an off-nominal flight
condition using the final feedback gain system developed.
This off-nominal flight condition was at an altitude of 3,000 ft
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Fig. 6 TIFS lateral-directional model-following; flight-test records.

and speed of 228 fps. Figure 5 is included to make clear the
improvement in the model-following system response ob-
tained at this off-nominal condition using the results of the
sensitivity minimization approach developed previously. The
feedback gain matrix used for this figure was the initial one
used for the development of the gains by the sensitivity mini-
mization approach. It consisted of just 6,/sin e, and 8,/[ e;.
It was desired to choose a K, as close to the null matrix as
possible and let the computer optimization program determine
the final K, required. The initial set of feedback gains was
chosen to satisfy computational requirements of the ap-
proach. Itis felt that the theory and design procedure used to
obtain the feedback gains of the model-following system was
very effective. ’

The intent of the design was to produce a control system
that would force the TIFS airplane to respond as the model
responds in all the variables of the model; Vingces Smrce »
BmTCG3pm! qm: i'm’ nymPS nxmps, nszs’Pma CIm, rm, Ahm, ¢m’ Gm
and A, Asshownin the figures, 7y, was the most difficult
variable to reproduce under the restriction that all the other
variables must also follow the model. The digital simulation
was a nonlinear one using a control law based upon a linear-
ized representation of TIFS. A linear simulation (not shown)
yielded- exact model following at the nominal flight condition
and of course, my,, following was exact also. In actual
flight, the lateral acceleration response of the TIFS airplane
accurately reproduced the n,,,. response of the model (see
Fig. 6) indicating that the airplane itself is more linear than its
wind-tunnel representation.

Flight-Test Results

Results of the TIFS flight test showing the model-following
capability of the system are given in Figs. 6 and 7. Both
longitudinal and lateral-directional responses are given. The
model was the same one used in the digital simulation. These
responses were obtained at a true airspeed of 290 fps and an
altitude of 10,000 ft. This differed slightly from the design
flight condition and was used so that the system could be
checked out in a nonturbulent environment. Included in
these figures are the model responses followed by the corres-
ponding responses of the model-following system. Control
deflections are also given. For the longitudinal cases, the
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model inputs were a throttle step and a series of elevator
doublets. In the lateral-directional case, rudder pulse inputs
were used. ‘

It is felt that the flight-test results of TIFS substantiate the
theory and design procedure used to obtain the gains. How-
ever, some errors in model following are evident upon careful
scrutiny of the flight-test records which do not appear on the
responses of the digital simulation. Efforts are currently
underway to rectify this. There are several sources for these
errors, including:
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1) The elevator and rudder actuators had a lower frequency
response than anticipated, 2 Hz and 3.5 Hz, respectively,
instead of the 6 Hz that was programed into the digital
simulation. In addition, the actual engine thrust response
was different from the assumed response. Originally, the
thrust response was modeled as a second-order system with
w, =14 rad/sec and { = 0.5 while flight-test data indicated
that these parameters were w,= 2.25 rad/sec and {=0.75.

2) Some of the feedback gains could not be made as large as
desired due to such things as sensor noise. This was desirable
to lessen system sensitivity.

3) The TIFS stability and control derivatives determined
from wind-tunnel data were used to calculate the feedforward
and gust compensator gains. These gains were not updated
based on identification of the TIFS derivatives from flight-test
data.

4) The air data measurement system may have introduced
model-following errors due to either noise on the signals or
the dynamics of filters present in it. In addition, some vari-
ables were obtained by solving a simplified set of the equations
of motion which may have introduced additional error. Last
of all, it was found that the pressure sources on the TIFS
were affected by the airflow from the propellers under certain
conditions causing some computed TIFS response variables
to be in error.

Conclusions

This paper has included the theoretical development and
flight-test results of the model-following control system of the
Air Force Total In-Flight Simulator. A discussion of the
conceptual design and detailed theoretical development of the
control system was given. It was shown that the feedforward
and gust compensator gains were obtained by simple matrix
calculations. The procedure used to obtain the lateral-
directional feedback gains for sensitivity minimization was
developed and verified by digital simulation results. The
final general form of the control law was also presented.
Time histories of the model and TIFS responses from flight
test were also included to show the quality of model following
obtainable with the system. These records substantiate the
theory and design procedure used to obtain the flight control
configuration for the TIFS model-following system.
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