Office de la Proprieté Canadian CA 2204065 C 2005/09/27

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 204 065
Un organisme An agency of 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(22) Date de depot/Filing Date: 1997/04/30 (51) CL.Int.%/Int.C1.° B64C 13/16
(41) Mise a la disp. pub./Open to Public Insp.: 199/7/11/14 (72) Inventeur/Inventor:
(45) Date de délivrance/lssue Date: 2005/09/27 TRAN, CHUONG B., US
(30) Priorité/Priority: 1996/05/14 (08/645,616) US (73) Proprietaire/Owner:

THE BOEING COMPANY, US
(74) Agent: BULL, HOUSSER & TUPPER LLP

(54) Titre : METHODE ET APPAREIL PERMETTANT DE DETERMINER LE GAIN DE COORDINATION EN VIRAGE EN

FONCTION DE LA POSITION DES VOLETS
54) Title: METHOD AND APPARATUS FOR TURN COORDINATION GAIN AS A FUNCTION OR FLAP POSITION

203 221 228 219 225
] { S @ YDCMD

Ny— K11 [+S s S

207 A12 20 217
R Niz =5
p___ N, COORDINATION |« 201

CAIN 29,
1T~ Nys 229
g C _
227

Lo
(57) Abréegée/Abstract:

An Improved method and apparatus for determining the amount of turn coordination gain in an aircraft yaw damper during a turn
maneuver Is disclosed. The yaw damper includes inputs from the inertial reference units of the aircraft and also from the flight
management computer of the aircraft. The flight management computer provides to the yaw damper a signal indicative of the
position of the flaps of the aircraft. The yaw damper includes a turn coordination gain box that receives the flap position signal and
outputs a turn coordination gain value, dependent upon the flap position. Generally, the turn coordination gain value increases as
the flap position Is more extended. The precise turn coordination gain value for each flap position Iis dependent upon the particular
aerodynamic characteristics of the aircraft.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




10

CA 02204065 1997-04-30

METHOD AND APPARATUS FOR TURN-COORDINATION GAIN AS A
FUNCTION OF FLAP POSITION
Abstract of the Disclosure

An 1mproved method and apparatus for determining the amount of turn

coordination gain in an aircraft yaw damper during a turn maneuver is disclosed. The
yaw damper includes inputs from the inertial reference units of the aircraft and also
from the flight management computer of the aircraft. The flight management
computer provides to the yaw damper a signal indicative of the position of the flaps of
the aircraft. The yaw damper includes a turn coordination gain box that receives the
flap position signal and outputs a turn coordination gain value, dependent upon the
flap position. Generally, the turn coordination gain value increases as the flap position
1s more extended. The precise turn coordination gain value for each ﬂap.position IS

dependent upon the particular aerodynamic characteristics of the aircraft.



10

15

20

CA 02204065 1997-04-30

METHOD AND APPARATUS FOR TURN COORDINATION
GAIN AS A FUNCTION OF FLAP POSITION
Field of the Invention

The present ivention pertains to aircraft turn control systems, and more
particularly, to a novel system that varies the turn coordination gain of the aircraft
yaw damper as a function of aircraft flap position.

Background of the Invention

In maneuvering an aircraft of fixed-wing configuration, a turn is coordinated

through the operation of multiple control elements. For example, a pilBt will use the

cockpit controls on a fixed-wing aircraft to manipulate the ailerons, rudder and
elevator of the aircraft to execute the tum.

The employment of computer controlled rudder deflection for tum
coordination during aircraft banking maneuvers has long been practiced. The
coordination of the turn is known to be desirable since, for example, when an aircraft
1s banked left, the aircraft tends to yaw to the right, due to an aileron-induced moment
about the yaw axis. The yaw axis moment induced during a left bank is counteracted
by the application of left rudder for a coordinated turn. In modern large commercial
passenger aircraft, the deflection of the rudder is computer controlled by means of a
system known as the yaw damper. Thus, a pilot need only manipulate the wheel in
order to properly execute a turn. *

The yaw damper includes various sensors on the aircraff and yaw damper
servos that operate the rudder in response to signals from the yaw damper. Yaw
dampers must determine the amount of rudder deflection for a given amount of bank

angle as commanded by the pilot of the aircraft. For example, U.S. Patent
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No. 5,452,865 to Tran and U.S. Patent No. 5,072,893 to Chakravarty et al., contain
detailed discussions of prior art tum coordination systems.

One crucial portion of the yaw damper is what is known as the gain schedule.
The gain schedule operates to provide turn coordination for the rudder during a turn
maneuver. Known turn coordination gain schedules are based upon the parameter Q,,
also known as impact pressure. Specifically, the gain schedule for a Boeing 747-400

- 1s shown in FIGURE 1. As seen, the turn coordination gain is constant until a critical

air pressure, at which point the turn coordination gain decreases in a linear fashion. It
has been found that the gain schedule shown in FIGURE 1 does not optimally provide

for turn coordination, sometimes resulting in a divergent or convergent turn
characteristic. |

Summary of the Invention

The present invention provides an improved method and apparatus for
determining the amount of turn coordination gain in an aircraft yaw damper syStem
during a turn maneuver. The yaw damper includes inputs from the inertial reference
unit(s) of the aircraft and also from the flap slat electronic unit (FSEU) of the aircraft.
The inertial reference units provide information on the aircraft’s roll rate, lateral
acceleration, roll angle, and yaw rate. The FSEU provides to the yaw damper a signal
indicative of the position of the flaps of the aircraft. The yaw damper includes a turn
coordination gain box that receives the flap position signal and outputs a turn
coordination gain value, dependent upon the flap position. The turn coordination gain
value 1s then used by the yaw damper to determine the amount of rudder
displacement. Generally, the turn coordination gain value increases as the flap
position is more extended, indicative of a high lift configuration of the wing such as
would be used at low speed. The precise turn coordination gain value for each flap

position ts dependent upon the particular aerodynamic characteristics of the aircraft
under varying flight conditions.

Bref Description of the Drawings
The foregoing aspects and many of the attendant advantages of this mvention

will become more readily appreciated as the same becomes better understood by
reference 10 the foliowing detailed déscn‘ptioﬁ, when taken in conjunction with the
accompanying drawings, wherein:
FIGURE 1 1s an iilustration of a prior art turn coordination gain schedule;
FIGURE 2 1s a schematic illustration of a pritjr art yaw damper including a

turn coordination gain section;
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FIGURE 3 is a schematic diagram of a yaw damper system in accordance with
the present invention;

FIGURE 4 is a look-up table used in the tumn coordination gain box of the
present invention;

FIGURES 5-9 are graphical representations of the mathematical models used

- to formulate the gain schedule used in the present invention; and

FIGURE 10 is a graph of the turn coordination gain values calculated in

accordance with the present invention.
Detailed Description of the Preferred Embodiment

FIGURE 2 shows a simplified prior art yaw damper 201 for generating a yaw
damper command, YDCMD, that controls deflection of the rudder during a turn. The
YDCMD signal 1s typically provided to one or more yaw damper servos that actuate
the rudder of an aircraft. This particular yaw damper 201 is utilized in the Boeing
747-400 aircraft. The yaw damper 201 uses data input from inertial reference units
located on the aircraft to compute rudder commands (YDCMD) appropriate to
existing flight conditions. The yaw damper servos then translate the electrical

commands from the yaw damper 201 to control hydraulic flow to an actuator piston
that moves the rudder of the aircraft.

Input to the yaw damper 201 includes: N, representing the lateral acceleration
of the aircraft; R representing the yaw rate of the aircraft; & representing the roll
angle of the aircraft; and P representing the roll rate of the aircraft. Each of these
parameters are provided through the nertial reference units located on the aircrafl.

As can be seen in FIGURE 2, the lateral acceleration Ny 1s multiplied by a
constant Ky at a first multiplier box 203. The output of first multiplier box 203 is
then provided to a first summer 205 which sums the signal output from first multiplier
box 203 and the output from a second multiplier box 207. The second multiplier
box 207 receives as input the yaw rate R and multiplies the yaw rate R by a
predetermined constant, K;,. The yaw rate R is also provided to a third multiplier
box 209 that multiplies the yaw rate R-by a predetermined constant Ny,

The roll angle @ is provided to a seventh multiplier box 227 which multiplies
the 10ll angle @ by a cunstant, C. The output of the seventh multiplier box 227 is
provided to a fourth multiplier box 211 that multiplies the output of seventh multiplier
box 227 by a constant Ny3. The output of fourth multiplier box 211 is provided to a
second summer 213 which adds the output of fourth multiplier box 211 with the
output of a fifth multiplier box 215. Fifth muitipher box 215 multiplies the roll rate P
by a predetermiﬁed constant Ny4. The output of second summier 213 is provided to a
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third summer 217 which also receives as an input the output of third multiplier
box 209. The output of third summer 217 is provided to a fourth summer 219.

The output of first surmmer 205 is provided to a first order lag box 221. The
output of the first order lag box 221 is provided to a sixth multiplier box 223, which
multiplies the output of first order lag 221 by a gain factor M. The output of sixth
muitiplier box 223 is also provided to fourth summer 219. The output of fourth
summer 219 1s then provided to a fifth summer 225.

The output of seventh multiplier box 227 is also provided to a turn
coordination gain box 229. The turn coordination gain box 229 also receives as input
a signal 231 from the air data computer of the aircraft a signal, such as airspeed Vias
(in the case of the Boeing 767) or exterior air pressure Qc (in the case of the Boeing
747). In the prior art, the input from the air data computer is used to calculate a tumn
coordinatton gain value that is used to multiply with the output of seventh
multiplier 227. The calculation of the turn coordination gain in the Boeing 747 is in
accordance with FIGURE 1.

In the preferred embodiment of the present invention, the input 231 provided
to the turn coordination gain box 229 is a signal from the flap slat electronic unit
(FSEU) which indicates the position of the aircraft flaps. Instead of the prior art,
where the input 231 is either Vg or Q, the input 231 in the preferred embodiment
is flap position. The flaps are located on the wings of an aircrafl and are extended or
retracted to control the amount of lift generated by the wings. The position of a flap
is typically referred to in degrees. For many aircraft, the flaps can be placed in one of
several discrete degree positions. For example, in the Boeing 777, the flaps may be
placed at 1, 5, 10, 15, 20, 25, or 30 degrees extension from the retracted position.

Tuming to FIGURE 3, the yaw damper system 301 of the present invention
includes a yaw damper unit 303, a yaw damper servo 305, a rudder 307, an inertial
reference unit 309, and a FSEU 311. Aircraft motion information is provided by the
inertial reference unit 309 to the yaw damper unit 303. Flap position information is
provided to the yaw damper 303 by the FSEU311. The yaw damper umt 303
recetves this information and, in accordance with its calculation techniques,

formulates a YDCMD signal to the yaw damper servo 305. In turn, the yaw damper

servo actuates the rudder to the desired deflection. Thus, unlike the prior art which
relied upon Vtas or Qc of the aircraft, the present invention relies on the flap position
of the aircraft to determine the turn coordination gain.

The turn coordination gain box 229 consists of a multiplier and a look up table

implemented in a microprocessor. The input from seventh multiplier 227 is multiplied
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by the appropriate turn coordination gain value from the look up table. The look up
table may be implemented in ROM. Based on the flap position as reported by the
FSEU 311, the appropriate turn coordination gain value is used as the multiplier. A
tabular representation of the look up table is shown in FIGURE 4, with Gy through
Gg being the possible values of gain. |
FIGURES 5-9 illustrate graphically how the turn coordination gains are
calculated and the theoretical basis for the calculations. As is known in the art,
optimal turn coordination gain requires a neutrally stable spiral mode after closing the
yaw damper loop. Thus, the gain of the yaw damper must drive the spiral mode of
the closed loop system to the origin. The gain driving the spiral mode to the origin
can be obtained by solving the state equations for the closed loop aircraft system at a

steady state turn angle. This process can be derived mathematically as follows:
Let

5(1 = 31Xy + b}U]
Y1 =cixy +dyug

be the dynamical equation of the airplane model

251 a2 a3 ay 3
a1 a3z a3 ax| R A
where aj = L Xy = ; B = stdeslip angle
az] azy a3z ayy o
(341 342 343 Ay P
| b1 Ny
by R
b = ¢ . Uy = 6r > — .:
PSSR 18] ;v 5
b | P
€11 €12 €13 Cy4 diy
o =| 2 2 w3 om day
€31 €32 €33 C3g d3)
€41 C42 C43 C44 dygg

The block diagram representation of the equations above is shown in
FIGURE S.
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The matrices a, b, ¢, dl represent the aerodynamic model for the particular
aircraft that is being modeled. The parameter u, represents the amount of rudder
deflection. It can be appreciated by those skilled in the art that these matrices can be
calculated in accordance with known techniques based upon the physical dimensions
of the aircraft and the flight parameters of the aircraft. Moreover, the matrices a, b,
C,, dl will be different for different flap positions of the aircraft. This is because when
the flap positions of the aircraft change, the aerodynamic characteristics of the aircraft

change, thereby changing the matrices that define the behavior of the aircraft.
Next, let

X2 = 82X9 + b2u2
y2 =CgXa +dauy
be the dynamical equation of the yaw damper (without the turn coordination path),

Ny
| R
where aj ==[J] , b2 =[k11k12k13k14] » 12 = ¢

P
ys =[ ydemd] ; ¢y =[m] ; d, =["n Nz N3 ﬂu]

Its block diagram representation is shown in FIGURE 6.

The values of a,, by, y9, ¢, and dy may be obtained from the yaw damper
system of the particular aircraft. Thus, the values of by, ¢, and d, can be obtained
from the multipliers shown in FIGURE 2. Connecting the output of the airplane (y;)
to the input of the yaw damper (u;) in series, the resulting block diagram
representation of the system is shown in FIGURE 7,

where . a _(L b= b, et =
bycyla, bad; |;d'=

Since n,, dzl’ d31’ & d 41 3TC always equal to zero, then d' = d2d1 = (0. Closing the
loop by c’onnecting the ydemd (y,) to the Ar, (u)), the block diagram representation
of the closed loop system is shown in FIGURE 8. Ar is the amount of rudder needed

through role angle feedback to keep the airplane from being divergent or convergent.

dacicy
ds dj

This closed loop system can be simplified as shown in FIGURE 9,
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[bu

b
12 | where

b
131 bys = byd,
bi4

b5

A=a+b'¢ ; b

where

The state equations of the closed loop system can be expanded as follows:

B=A;{B+A R+A;3P+Aq P+Ajs X+byydr
R=AyB+Ap R+A);3P+A P+Ays X+byy 6t
G=Ay B+Azy R+A33D+Aq P+AggX+byyor Eq. (1)
P‘—“A41B+A42 R+ Ay ®+A44P+A45X+b146i‘
X=A5;B 4 Asg R+ Ag3 P+ Agy P+ Ags X +bys Sr

where A= a'ij + b‘il C'lj

10 For a steady state turn
d)zconstant::))P: 0&P = ()
R =constant==))R=0& X=0;
3 =constant==)) B = ()

Thus, Eq. (1) becomes

B=AB+Ap R+A;3P+A P+Ajs X+by8r =0
R=Ay B+Ap R+Ay®+AyP+Ays X+byy 8r =0

15 O=A3 B+A;3 R+A33 P+ A3 P+Azs X+by3 81 = Eq. (2)
P=AgP+Ap R+A\3P+A4P+A 5 X +byydr = |
X=A51B A5y R+Ag3P+ A5y P+Ass X+byjs 8 =0

-

Eq. (2) can then be solved for Ar at a constant value of roll angle. Ar is the amount
of rudder needed through roll angle feedback to keep the airplane from being

divergent or convergent. Once the value of Ar has been calculated, the ideal tum

coordination gain value can be calculated simply as the Ar divided by a constant for
20  that aircraft.
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The values for the matrices a,, by, ¢; and d; will vary depending upon the
operational flight conditions of the aircraft, including flap position. For example,
aircraft variations in speed, weight, altitude, flap position and center of gravity will
have an influence on the matrices. In the preferred embodiment, matrices are used
that include extreme values of these operational parameters. The resulting turn
coordination gain used in the look up table is then calculated as the mean of the tumn
coordination gains calculated using the various extreme matrices. This ensures that
the turn coordination gain box 229 has taken into account all possible flight
conditions.

For example, turning next to FIGURE 10, actual turn coordination gain values
were calculated for the Boeing 747-400 aircraft for various flap positions, namely,
one, five, ten, and twenty degrees. Note that there are several turn coordination gain
values for each flap position. This comresponds to the various extreme operating
conditions of the aircraft. In the preferred embodiment, the turn coordination gain
used in the look-up table will be the average of the extreme values.

While the preferred embodiment of the invention has been illustrated and

described, it will be appreciated that various changes can be made therein without
departing from the spirit and scope of the invention.
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The embodiments of the invention in which an exclusive property or privilege is claimed are
defined as follows:

1..A method of setting a preferred turn coordination gain for the yaw damper of an aircraft during
a tum, the method comprising the steps of:

(a) referring to a turn coordination gain schedule, said turn coordination gain schedule
correlating a plurality of turn coordination gains only with a plurality of flap position settings;

(b) determining the flap position setting of said aircraft during said turn;

(c) determining the preferred turn coordination gain as the turn coordination gain correlating to
said flap position setting; and

(d) setting the turn coordination gain for the yaw damper to said preferred turn coordination
gain.

2. The method of claim 1 wherein said plurality of turn coordination gains are calculated by
solving a set of state equations for a closed loop system of said aircraft at a steady state turn
angle and at said plurality of flap position settings.

3. The method of claim 2 wherein said set of state equations is:

é -?-A"ﬂ-l- Au R+A]3¢+A]4 P+A[5 x-}'b"&' = ()
R=A2]ﬂ+ﬁn R+A,23¢+A24P+A25x+b]2 or =0
d’-""—Aﬂﬂ-}- Ay R+A;3 @+Ay P+A3sX4+b)30r =0
P=AgP+AnR+A;O+ALP+AX +byybr =0
X=A5iPo Ay ReAgyD+Agy P+Agg X +bys 6l =0

where A,, and b,, are matrices determined from the aerodynamic properties
of said aircrafi.

4. The method of claim 1 wherein said flap position setting is received from a flap slat electronic
unit aboard said aircraft.

5. The method of claim 2 wherein said flap position setting is received from a flap slat electronic
unit aboard said aircraft.

6. An apparatus for determining the optimal turn coordination gain for an aircraft performing a
tum, the apparatus comprising:

(a) a turn coordination gain schedule, said turn coordination gain schedule correlating a plurality
of turn coordination gains only with a plurality of flap position settings;
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(b) a flap slat electronic unit for determining the flap position setting of said aircraft during said
turn; and

(c) means for receiving said flap position setting from said flap slat electronic unit and for
determining said optimal turn coordination gain as the turn coordination gain correlating to said

flap position setting.
7. In a yaw damper including a turn coordination gain box, the improvement comprising:

(a) a turn coordination gain schedule stored in said turn coordination gain box, said turn
coordination gain schedule correlating a plurality of turn coordination gains only with a pluraliity
of flap position settings;

(b) flap position receiving means for receiving from a flap slat electronic unit the flap position
setting of said aircraft during said turn; and

(c) means for receiving said flap position setting from said flap position receiving means and for
determining an optimal turn coordination gain as the turn coordination gain correlating to said

flap position setting.
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