DATA SHEET - Stability and Control

Equations of motion for a six degree of freedom rigid body:

X =m([U + QW - RV + gsin®]

Y =m[V + RU - PW - gcosO®sin®]

Z =m[W + PV - QU - gcosBcos®]

L =PI, - I,(R+ PO + (I, - I,)0R
M=01,  + I, (P®-R* + (I, - I,)PR
N = RI,, - I P+ PO(I, - I,) + I,,OR

Angular velocities and Euler angles:

P=® - Psin®
Q =08cos® + PcosB sind
R = —ésin<1> + ‘i’cose cos®

Velocity components along the body axes:

U = V, cosP cosa @
V = V, sinf
W= V,cosf sina

for small angles:

U= vy
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Positive control surface deflections:

always in positive rotation about positive axis:

Elevator: down
Left Aileron: down
Rudder: left

Equations of motion for straight , symmetric, perturbed flight
with wings 1level in stability axis system and some
simplifications (e.g. vy, = 0):

U=X,cu+ X, ow-g0+ X -8
W= Zyut+ Z,owr Uprg + Zy b

g =M, u+ M, w+ M q+ M43,

[«o N ]
It
Q

= YV.B - I + —[%.e + YngaA + Y;R.GR
0

-
|

Lé-ﬁ + Li/,'p + Li'r + LéA'BA + L£R°6R

o
1]

7 = N{!B + N{,'p + Ni‘r + Né,’aa + N;R.GR

©- e
[}
o}

L
1]
N



Definition of "tilde" derivatives:

M, =M, +M,2Z,
M,=M,6+ M,Z,
M, =M, + UM,
My = -gM, siny,

My, = My, + M2y,

Definition of primed stability derivatives:

Ly * 1}2Nk)
I
L/ = XX
0 P
1 - xz
IXX‘IZZ
X
Nyy + F= L,
Aﬂ) = =
1-2
1 - Xz
IX)(.IZZ
for simplification assume I, << I,
I,, << I,
I, << I,
I
/ XZ ,
Lo = Lo + 4Ny
XX

I
e.g. N{; = NI3 + IXZ.LB

zZZ



AIRCRAFT DYNAMICS AND AUTOMATIC CONTROL VEHICLE EQUATIONS OF MOTION

Table 4-4. Lateral dimensional stability derivative parameters (stability or body

Table 4-3. Longitudinal dimensional stability derivatives (stability axis system). axis systems).
In terms of basic stability derivatives In terms of basic stability derivatives
Quantity Dimensional Nondimensional Quantity® Dimensional Nondimensional
Definitions Unit Definitions Unit
X .!_ a____X _1_ BS_('_, (_,C —C )a Y ._L B_Y ._1_ P_S_(_j
S m ou sec m 2 Du v mU af sec 2m 'p
10X 1 pSU ’ 1 Y 1 pSb
—_— —_— | Y . —_—— - -—C
Xo m dw sec m (Cr — Cod) ¥ mU ap 1 4m '
‘ 1 ox m pSU® i Loy L ps
s m 90 rad-sect 9m (=Cuy) ' mU or rad am 'r
10Z 1 SU , 1 9Y 1 pSb
z, ~ 5 = I (=0, -y AT rad O,
m ou s6C m " mU dp rad 4m
1902 1 pSU o 1 oY 1 pSU
4 m P oo S (=0 = Cy) Ys U 33 rndsec oo Cs
w m ow sec om La b mU 3¢ rad-sec 2m
7 1 oN 1 SU
Z ..l.. ?_7. 1 ..E.A?_‘.: ( -) Z\'p _—— — d C,
m dw 1 4m La 1,94 sec 21, s
; L oz m  psue . 1oy 1 psU
‘ m 0 rad-sec T (70w ! I, 98 sec 41, 7"
Z l a_Z m __PSUz (_C ) ) \' l. _ai,v —l— P‘SL"b, Y
4 m 00 rad-soc? 2m s o 1, or sec 41, ™
L aM 1 pSUC 1 8N 1 pSUb?
I - R v o] el —_—
M 1, ou mesce 1, o + Cn) Na I, 9p ' see 41, Cnp
1 oM 1 SU 1 oN 1 SU?b
M, . EZoe, Ns == — e,
1, ow m+see 21, "M 1,38 rad-sec? 21, s
1 oM 1 Sc? 1 9L 1 S U
M, et - 2 o L 1ok ' P l
1, ow m 41, Y s 1,98 sec 21, 'p
1 aM 1 pSUc? 1 3L 1 pSUL?
A - == — Lty g —= —
M 1, 9q sec 41, g Tp 1. 98 sec aI, '
M 1 dAf 1 PSUEC . L 1 oL _l pSUb' c
s 1,735 rad-sec? 21, C”a " 1,0r sce 41,
) 2
a The thrust gradient terms are neglected here in the interests of symmnictry and L, 1 B_L 2 M .
congistency. 1, op sec 41, 4
1 oL 1 pSU
Ly - = —_— —+— Uy
1, 99 rad-sec? 21,

¢ For Oy, = 0, as in subsonic flight, and €, = W/[(pU*S[2), as in trimmed flight

for y, = 0, Z, = —2g/U,.  The starred derivatives arise when § rather than v is used as the lateral motion

paramecter (see Chapter 6); in general, Y: = Y,/U,.

Nete: T, =Tux , Ty-=

=77 /
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AIRCRAFT DYNAMICS AND AUTOMATIC CONTROL

Tablo 4-1. Longitudinal nondimensional stability derivatives (stability axis system).o

Basic nondimonsional stability derivatives

Total airframe

Definitions Unit
drag 1
2T gs 1
i U 3c, 1
“r =350 1
aCp 1
Ora = 5o rad
., 1
Cps = 35 rad
c lift 1
L= _q‘—§ 1
U ac, 1
Cn=% %0 1
ac, 1
Cra = 55 rad
o ac, 1
Le ™ B(arj2U) rad
o 3c, 1
Le ™" 9(qe/2U) rad
., 1
Us = 55 rad
, M 1
Cu = aSc 1
LU, 1
“n =3 50 i
0y
Coa = T rad
¢ oCy,
Ma T J(acj2U) rad
o _. % 1
Ma = 3(qe/2U) rad
eC,, 1
COns = 55 rad

¢ The symbol ¢, in addition to its normal use to designate pitching velocity, is
also used in these tables to denote the dynarnic pressure, pU?/2, in accordance with
long-established acronautical practice. When particularized by the subscript & (or v),
it significs the local dynamic pressure at the horizontal (or vertical) tail. The local flow
angles relative to free stream conditions are denoted by —e (X, Z planc) and
—a (X, Y plane).

VEHICLE EQUATIONS OF MOTION

Table 4-2. Lateral nondimensional stability  derivatives (stability or body axis

systems),

Basic nondimensional stability derivatives

Total airframe

Yowvn

cotnef

avie| Aultovelrc

Definitions Unit

o % )

MY rad

C. - aC, 1

T a2 0) rad

C _ an l

YT a(rb)2U) il

¢ %, I

T apb20)  rad

, ac,

“s =% rad

ac, |

C, == R

K s rad
C - ac,, 1

T 3 2v) rud
o -9 1

" 9(rbj2U) oyt
oL K

T b0 ol

, a, 1
L"" 20 rad

o |

L] rad

aC, 1 b
) = BN Te
P gy rad ables taken
ac, Mc Ruex, Aglh
¢ =% 1 "
T 90)20) rad ] S K €wvey §
ot 1 Grahewa. 1933 Aivevapt
T (ph)20) o ot
1}

o, - % 1 W (X )

EIFY i

CWV‘{'Y"L. P\'I“'\CC"O\/\ Um'vcw,;}f
Press.

—adapted 4o our text —



Definition of Y,” :

qu _ YGA
s = 2
A Uo
Y,

v, = [;R
0

Conversion from w- into a-stability derivatives:

Normal acceleration:

D
]

w-Uq

a, =w-Uqg-1,q

Zx

a,, is normal acceleration on the fuselage centre line a
distance 1, forward of the cg.

Ay = -a,

Lateral acceleration: [:J
a, =v-g0+0yr

Heading:

A=y +p


( Info )
KORREKTUR:
Lateral Acceleration:
"phi" statt "theta"


Aircraft Dynamics in State and Output Equation

2 Linear Simulation of Aircraft Dynamics

The linear simulation assumes small perturbations about an equilibrium or trimmed condition.
It can be shown that for this case, longitudinal and lateral motions are uncoupled

21 Longitudinal Aircraft Dynamics
The State Equation

A linear system can be represented in state space notation. X is the state vector with perturbations
(deviation from the steady state or equilibrium condition) of the state variables. u is the control
vector. The control vector consists of control inputs from elevator and flaps. In this case also
disturbances from gust inputs are built into the control vector. A is called system matrix or state
coefficient matrix and B is called control matrix.

X = Ax + B u
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-XéE XéF - Xu - XW O T
My M, - M, — i, - M,
0 0 0 0 - 1]

E

The matrices A and B consist mainly of stability and control derivatives. The American notation
1s applied here which uses dimensional stability derivative parameters. These stability deriva-

tive parameters lead to very compact equations. Uy is the steady state forward speed of the air-
craft. The tilde”-stability derivatives are defined as follows:

M, = M, + M, Z,
M, =M, + M, Z,

M, = My, + Uy M,

If other values than the state variables are of interest, they can be calculated by use of the output
equation. Values considered here are the angle of attack a, the flight path angle vy, the accelera-
tion 1n z-direction at the center of gravity azc, and the corresponding load factor g .

a Zeg

The output equation can be written as

y =Cx + Du

a
= |7 u

1
OU—OOO

C = 1 D
U, 01

a;, = w — Uy g




A change in aircraft height can be obtained from an integration of c.g.—acceleration in the z-
direction.

h = —a, h=fiidt h=[hdt

2.2 Lateral Aircraft Dynamics

Lateral aircraft dynamics follow the same mathematical approach as described for longitudinal
aircraft dynamics. Refer to the List of Symbols for queries related to the notation. Again, the
American notation using dimensional stability derivative parameters is used.

The State Equation

Aileron and rudder control the lateral dynamics of the aircraft. Gust inputs are again built into
the control vector.

X =Ax+ Bu [6,]
p O
= |p “ = 1Py
X = r pg
P Irg
Y, 0 —1g/Uq ROMRCS O
Lﬂ' Lp' Lr' 0 LéA' L‘SR' - L‘B' - Lp' - Lr’
A = ' r ! B = ! ’ ’ 14 ’
0O 1 O 0 | 0 0 0 -1 0

The ‘primed* and ‘stared‘ stability derivatives are defined as follows:

' — IXZ ’ — IXZ
’ —_ [XZ ' —_ IXZ
x z
' IXZ ’ IXZ
L' =L, + N, N,/ = N, + F2£ L,
1 1,
L' =L, + = N N, =N, + = L
S 44 I, A4 64 O4 I, 04
L' = L, + = N N;' = N, + L L
dr O I dr or O 1, Sz



yox = la .« = ta
&~ T, s T T,
The Output Equation

Further values that could be of interest are the sideslip velocity v and the side-acceleration at
the centre of gravity ayce. They can be calculated by use of the output equation. The yaw angle
¥ and the load factor in y-direction can be calculated from yaw rate and side-acceleration as
given below.

v=ﬂ.UO a)’cg=‘}—g.¢+U0.r




Input functions - an overview:

control internal external
input disturbance disturbance

Input form

vehicle induced environment

step function, control surface errors in control thrust gust, wind shear
pulse function, movement surface movements eccentricities,
cutoff ramp c.g. shifts,
store release
initial automatic control
conditions engagement
(1 - cos) gust gust
periodic input some terrain dynamic
variations unbalance,
vibration,
flutter

Gust input:

If there is a gust input A\, in the direction of a certain state
variable A, substitute this state variable in the equations of
motion by A = A

g °
(1 - cos) gust:

A () = k/T © (1 - cos (2m/T) t)

Vertical wind gradient:

Veina = kK h ® h = height k = constant
n = 0.40 over city
n = 0.28 over country side
n = 0.16 over sea side.



Table 5-1. Longitudinal control-input transfer function cocfficicuts.

B C

D )
—"Yu(zwﬂ‘[q - 'Z‘Ia)
A 1 —M, — My — Z, — X, Z M, — My — X7, " Z(X oM, 4 gMy) 9(ZM, — M,Z,)
A XM, | My -- Z,) — M (Xy — g)
‘Yd(ZuMdy =+ ﬂlu) ‘\7(S(Z|1A[1n o ij‘[u)
NS Mg ZgMy A+ Zs(M, — X M) 1 Zg(M, X, — M,X,)
- Jllé(Xu -+ Zw) - J“[(S(Zw‘\ru - -‘YwZu)
N Zg NsZy — Zg(X,y + M,) + MgU,  Xy(UgM, — %,M,) g(ZsM, — MyZ,)
-} Z(Sx\y“l‘llq e []0]‘[(54\7”
N X, —Xo(Zy & My + M) - ZsN,,  Xo(Zuhl, — M) J(DMsZy — ZsM,)
—Zs(XN A, 4 gd,p)
+ M5, - g)
XsZ, (DM, | M) X§(Z, M, — MyZ,)
Sivg —Z‘S _X(SZH + Za(ﬂla -+ I‘Id + ‘\'u) - "S[‘\-lt(l‘l‘q -4 *BI(Z) - ﬂ[a] |- Z&[ﬂ’[“(4\’a - 9) - A[aXu]
— MsZ, b Mo ZyXy — Zy(Xy — )]




Table &-1. Lateral control-input transfer function coefficients.

C

A B
I;
12 "Y”(l“lxl:)~ » = N
A l - zz
11, I, v I,. ;
ot Iw P » ]z 44

Np -+ Ly(Yet N)

1)

, I:u Ia‘z
+ Yo\ L b NG E T Ls

. I,,
+ IVP T l’u

+ N,Lg —

_NpL, + YN, L, — L,N,)

(LN, —

9 (14 ) T
UoLﬂ+IxNﬁ °

:L\'yp]/r)

Y;(L,N — N,,L,) 4 NoL,

q
U- (NéLr - LéNr)

0

1.,
N? Ls + TN&

Y3(L,Ng— LgN,)

-+ Lé(Yer -+ Nﬂ)

— Ns(Lp + Y,L,)

o 2
- 7 44 rz g e - ot/
? A l La(N,, = lv) — LyVoN, -+ N3¥ L, U, ! g
— Ns(Y, -+ Ly)
gLp
Yé[N oL =75,
0
)’6(N,; + L,N, — N,L,
gl )]
ey Y o\ s+ 50+ I -+ 5 oY} (LsN, — NpL,)
viee i V)
"2 I., 2 y + Yv(NéLr — L;sN,)]
+ 1 L + UoY,| Lolzr — Ns

I,
- U(,Y,,(f—” Ls -+ No)

glu
+N¢S IU +Lp

Note:

To convert to primed derivatives, eliminate all I,, terms and substitute L’ and N’ for L and N, respectively.



Longitudinal control-input transfer function coefficients

for the truncated short period and phugoid equations of motion

3D

phugoid

: | -

M X, - M, (X, - g) M,Z,g - Muz,,s

N (X, = 9) My - M, Xy g(MZ, - ZyM,)
Ne" Uy M, UM Xy - Uy X, My g(ZyM, - My Z,)
N M, M Xy + M2, (Z,M, - ZM,) X,

- (X, + Z,) M + (MX, - M X)) Z,
+ (2, X, - X,2,) M,

classical

(2 D) phugoia

B

further L Uo
simplified
Nbu Zb ‘g
Ng ZB - Xuzb .

2 D short period

A,, 1 - (2, + M, + M,U,) ZM, - UM,
Ny Zy UMy — ZyM,
N§ My + ZyM, ZyM, - MyZ,




Lateral control-input transfer function coefficients for the truncated modes

3 D dutch roll
Aq, 1 - (Y, + N, + L}) LL(Y, + Nl + Ny + Y,N. | -Lh(Np + ¥,N])
N Y5 S[(LL + N vs + M) LLNLY; + LN}
NF L} YsLy - YLy - N, L3 Y,N.L} + NjL
/
Ly N .
- 22 - BLN;
Ny
Nf N NpYs - Ny (L} + V) LL(Y,Ny - NpY3)
Notes: 1.) In the denominator Ay the term (s-L,') can be factored out.

2.) 1In the transfer function r(s)/§(s) the numerator cancels the roll subsidence mode

(s - L;’) in the denominator.

3 D spiral and roll subsidence

Note: For (N,),,. see McRuer, Table 6-1.
2 D dutch roll
A B C
Aa o ¥, - N, M+ N,
Np s -Y;N, - Ny
N n YiNp - YN

1 D roll subsidence

A




Table 5-2. Longitudinal gust-input transfer function numerator coefficients.

A B C D
Né
S"" — (M, + Z,M,;) Z M, — M,Z,
S’;" —Z, ZM, — UM, ~
N:g —-X, X (Zy + M, + My) — 2,X, — X (Z,M, — M) + Z, (X M, + gM ) g(ZM, — M,Z,)
—M,( Xy — 9)
N, Zy —Z,(M, + Me) —(Z,My — M,Zq)
UO.NO
——sﬂ M, — My — Mg — Z,M, — X, (M, — M) X (Mg + ZM) — Xy(Ugh, + Z,M,)
Ne, —(Zy — My + My) Xu(Z, — M, + My) — X Zy — My + Z,M, X, (Mg— Z M) — .X,,,(({];;Mu — Z,M) o(Z My — MoZ0)
f. — _E)
+ 92, (M ~ T
UNY
—s—" —Xgq aX M, + g(Mg — M,) g(Mg + Z,M,)
. M,
o Z, 0z M, + XuZy — ZuX, M (XuZy — ZX.) — 92\ My — F) —g(Z My — M,Z,)
[}
Table 5-3. Longitudinal gust-input transfer function numerator coefficients for the
Tl/\ C 0(6!/\0 wa |'Vl - +0 \,5 truncated short period and phugoid equations of motion.
Phugoid 23D 3
are the caume - : ( g

as ‘1""05 e ‘LO\’ 'Hﬂﬁ ok M
C(OV\'\'\’OL - \‘V\‘Ovtl- X, —T MM,

Z0M, — M.Z,

1 Y X, M, — M (X, — Z M, — M, Z
+\/01V‘5€€Y fumcl-toms ug w Mz W X2 — 9) g(Z My wZy)
T N0,
— -, (X, M, — M X,
Ny, -, (X, M, — M ,X,) g(Z, M, — MM, Z,)
Uo5,
B g M,

Short period ( &3 )

(M, — My) —M, — ZM,

z —(Z, — M, + JMy) —M,+ Z M
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Equations to calculate flying qualities:
First order characteristic equation:
q;s +1=20

For a negative time constant:
1 with a>0

F(s) =

£ _1n 2
double ~ a

Second order characteristic equation:

s?2+2{w,'s+w2=0
81,2, =027 W,
o = {w,
1
C:
(‘)2
1 + |9
g

For a negative damping ratio calculate the time to double

amplitude:

£ _ _1n 2
double _ C .wn

For flying qualities from the Control Anticipation
Parameter (CAP):

2
(A)sp

CAP =



o, (rad s™")

oy (rad s™)

Dutch roll mode specification

Flight Class
phase Level
category . 1 3
cn ( o o T T T
o & @y { Coe e . e e
--------- rad/s  rad/s : o % G { ¢
--------------------------- rad/s r o o ¥ ©
A - ; 1908"/3 rad/s  rad/s
A 1. 11 : .35 1.0 0.02  0.05 0.4 00z - L4
: TR 5 O A A B
¢ 1,1V . . 0.4 0.02 : . . - 0.4
c I, 111 008 013 16 0%z o0s o4 00 - 0.4
.................... 0.08 0.5 0.4 0,02  0.05 -4 0.02 - 0.4
Note: Minimum values are -S-F;e-éi.f.i.e;-.;h-"‘---"'"""""-------: ....... 0_ '_4_____ 0.02 - 0.4
obtained i . The governing dampin, T TTTTTTmmTeTTTTTommTommmmToemcooecs
from either column labelled {, and (on."p g requirement equals the largest value of (,
o
100.0—
100.0
}/n,, =100 oly/n, =100
2
wgp/n, = 3.
sp/n;, = 3.6 ly/n, =3.6
10.0 ly/n, = 0.28
f) @iplnz, = 0.16 100} wly/n, =0.16
T
w 2 _
-g 7 (nsp/n,‘ =0.096
S
1.0 °
1.0
Level 2, class 1 and IV 4”'
Level 2. class IT and 111
flight phase cakeqovy A 4
0.1 T Llie b b
1 L ! { ‘gt phase caregovy C
10 100
0.1 | 1
n, (g rad™') 1 10 100
n, (grad™)
100.0 —
TABLE 4.7
Classification of airplanes
N 2
msp/nz. =10.0 Class I Small, light airplanes, such as light utility, primary trainer, and
light observation craft
2 In, = Class II Medium-weight, low-to-medium maneuverability
3 Wsp/Nz, = 3.6 airplanes, such as heavy utility/search and rescue, light or
\}qe,\ medium transport/cargo/tanker, reconnaissance, tactical bomber,
100+ heavy attack and trainer for Class II
Class 111 Large, heavy, low-to-medium maneuverability airplanes,
such as heavy transport/cargo/tanker, heavy bomber and trainer
© for Class 111
\f 02 /n, = 0.085 Class IV High-maneuverability airplanes, such as fighter/interceptor, attack, tactical
P ) reconnaissance, observation and trainer for Class IV
. wl,/n, = 0.038
1.0~ TABLE 4.8
Flight phase categories
Nonterminal flight phase
Category A Nonterminal flight phases that require rapid maneuvering, precision track-
ing, or precise flight-path control. Included in the category are air-to-air
combat ground attack, weapon delivery/launch, acrial recovery, recon-
J naissance, in-flight refueling (receiver), terrain-following, antisubmarine
. -(Ll SL\" Pl’\ aseée ca ‘cgo r B search, and close-formation flying
0.1 . | | 7 Category B Nonterminal flight phases that are normally accomplished using gradual
1 10 maneuvers and without precision tracking, although accurate flight-path
100 control may be required. Included in the category are climb, cruise,
n (g d_l loiter, in-flight refueling (tanker), descent, emergency descent, emergency
2, ra ) deceleration, and aerial delivery.
Terminal Flight Phases:
Category C Terminal flight phases are notmally accomplished using gradual maneuvers
and usually require accurate flight-path control. Included in this category

are takeoff, catapult takeoff, approach, wave-off/gce~around and landing.




1 2 0.04
2 2 0.0

3 An undamped oscillatory mode
with a time to double amplitude

of at least 55 s

Flight Level 1
phase

category min.

A and C 0.35

B 0.3

Flight Class
phase
category
A 1,1V
A 1, 111
B alt
C I, 1Iv
C 11, 111

Level 2 Level 3
max. min. max. min.
1.3 0.25 2.0 0.15
2.0 0.2 2.0 0.15

T, (8]

Level 1 Level 2

1.0 1.4

1.4 3.0

1.4 3.0

1.0 1.4

1.4 3.0

Bank angle in fixed time

max
Level 3
10.0
10.0
10.0
10.0
10.0

Level 3

Class Flight
phase
category
A

1 B
C
A
Il B
c
A
111 B
c
A
v B
c

Level 1 Level 2

60° in 1.3s 60° in 1.7s
60° in 1.7s 60° in 2.5s
30° in 1.3s 30° in 1.8s
45° in 1.4s 45° in 1.9s
45° in 1.9s 45° in 2.8s
30° in 1.8s 30° in 2.5s
30° in 1.5s 30° in 2.0s
30° in 2.0s 30° in 3.3s
30° in 2.5s 30° in 4.0s
90° in 1.3s 90° in 1.7s
90° in 1.7s 90° in 2.5s
30° in 1.1s 30° in 1.3s

60° in 2.6s
60° in 3.4s
30° in 2.6s

45°
45°
30°

30°
30°
30°

in 2.8s
in 3.8s
in 3.6s

in 3.0s
in 5.0s
in 6.0s

90°
90°
30°

in 2.6s
in 3.4s
in 2.0s

Flight Level
phase = -e----..
category 1

A and C 12s

B 20s

2 3
8s 4s
8s 4s

the specified maximum value.



Selected aircraft control systems

A/C control system feedback applied
control
surfaces

pitch rate and relaxed pitch rate ¢gq elevator

static stability

c* - law pitch rate g, normal | elevator

acceleration a, .,

yaw damper yaw rate r rudder

roll rate damper roll rate p aileron

spiral mode stabilization yaw rate r aileron
pitch attitude control pitch attitude 6 elevator
system

roll angle roll angle ¢ aileron

roll angle with roll rate roll rate p and aileron

inner loop roll angle ¢

wing leveller: same as roll - - - - - -

angle control with ¢.om = O

side slip suppression sideslip B8 and yaw rudder

rate r
height hold system I speed u, height h elevator
height hold system II height h, pitch rate | elevator
q, pitch attitude §

airspeed control system speed u, thrust

acceleration du/dt

direction control heading Yy, command: aileron

roll angle ¢




kl = =
m, Pp Un
2
k2 = .m_m . £2 EE r2
m, Pp \ Uy
k3 = ﬂ@ . & °r3
m, Pp
k4 = ﬂ’ . _p_E . _.C_TE °r3
m, pp, Uy
ks = Tn.Pp.Up.,
m, Pp Un
x6 = Tn.Pp. 2
m, Pp
2
k7 = 2’.’.’ 0£2 '(EE) r
> Pnm Un
()Y, /] ()m | factor ()., / ( )m factor
—
Xy k1l Y, k1
Xy k1 Y’ k3
X5 k2 Y’ k3
Zy k1l Y, k1
2y k1l Ng k7
Zy, k3 N, k1
Z, k4 N, k1l
Z& k2 N5 k7
M, k5 Ly k7
M, k5 L, k1
M, k6 L, k1l
M, k1l L, k7
M, k7
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