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Stability & control
- Anderson 6.17, 7.1-7.11

and some extra stuff
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“"When this one feature [balance and control]
has been worked out,
the age of flying machines will have arrived, for all
other difficulties are of minor importance.”

Papers of Wilbur and Orville Wright

Orville
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“A spin is like a love affair;
you don't notice how you get into it
and it is very hard to get out of”

Theodore von Karman,
answering a gquestion during a conference
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Stability is not easy
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Controls
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Different approach pioneers

Europe: Voisin Farman I-bis at Brussels Air Museum
January 13, 1908: Grand Prix d’Aviation for circle > 1 km
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Different approach pioneers
B SRS >

Wright Flyer I in Smithsonian Air & Space Museum Washington DC
First powered manned flight
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Concept of Wing Warping
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Wing warping for roll control

(i
-

31 August 1911, Haarlem

P i il . . ;i i B S
1 September 1911, Haarlem

» Fokker Spin
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First ailerons

* Monoplane

e Failed to cross
channel on 19
July 1909

e World distance
record: 154.6 km
on 26 Augustus

1909in 2 hr17m

Antoinette IV,1908 designed by Leon Lavasseur
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Aileron L =

Elevator

Rudder
Throttle

Aileron R =




It is not immediately obvious how a pilot with four
controls manages to control an aircraft with six
degrees of freedom.”

D. Stinton
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Classic Flight gT\
Control System (FCS)

htailemn rudder cables  rudder
~ —zn,  (not crossed)
)

rudder “?;
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Classic FCS: F-15 Eagle
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Classic FCS: F-15 fly by cable
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Fly by wire FCS

sidestick [ <= aerodynamic |

! variables (o, M....) | | trol mot
sensor for , < | controt motor
control forces | PL signal comparison |

| and selectio |
sensors for —, | 2 |
angular P = E
acceleration 4] i O %E

Pl o2

sensors for  [[=X 3
normal _
acceleration : :“} auxiliary channel

First in military jets (agility) later in airliners (weight saving).

'i';u Delft AE112 Introduction to Aerospace Engineering 18 |
- ____000000000000000o]




Demo
Stable Flight

* Mode 1: Controls vertical speed
» Mode 2: Controls vertical acceleration
» Mode 3: Control change of vertical acceleration
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Integrators in control loop

] v= AX £ VIAL
spee = — — V
acceleration a= Av
At Vi+1 - Vl + amt
a \Y;

.f —e »f
Mode 1 ;:)y
4

%
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Integrators in control loop

d V= & =X + VIAt
spee At X=X
acceleration a= & —
At Vi+1 - Vl + amt
a V
_|_
>0—> f > f
;1|
Mode 2
;
P
TU Delft
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q V= AX
spee =—
P At
. AV
acceleration a=—
At
a \Y;
Mode 3

%
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Angles and axes
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Body Axes

Forces in body axes
Y

Difference with lift & drag?

Defined relative to
direction of speed vector

N
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Control surfaces and rotations

Sign convention: negative deflections >
positive a/c response around its primary axis!

o® -0,
Ailerons: roll angle ¢

Rudder: yaw angle
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Stability axes and body axes

Stability: x.-axis is attached to velocity
Body axes: x,-axis is fixed to aircraft

Ngle
of Altack o pitch angle 6

Q

climb angle Y

horizon — — =— =—

o+Y =6

3
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Moments

&, M, N

) Pitching moment )/},
Nose up = positive
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Stability axes and body axes

Stability: x.-axis is attached to velocity

Body axes: x,-axis is fixed to aircraft ‘North

% ]

(6'
& course ¥ :
Sideslip angIeB\/ \

Heading g

Geodetic axes: xg-axis is attached to North and horizon
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Force & moment coefficients

* Forces dimensionless with ¥%p\V? S

e Moments dimensionless with:

» Longitudinal X7/ : Y2pV? S c (c = chord)
* Lateral: L N :%pV? S b (b = span)

&G G, C, C,C
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For now: symmetrical movements
in stability axes

c - L For the wing+aircraft we use the
L=1 surface area of the wing 5
— oI"=5
2
C - L For the tail we use the surface of the tail: Sg !
Iz 1 -
5 PV Sy
c - M Eit::h.ilng moment withm:lt dix:ﬂensinns
"1 o (so without influence of o, I"and 5)
?JGI ST it is a ‘shape’ parameter which
varies with the angle of attack.
Note the chord c in the denominator because of the unit Nm!
] . o
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Bank angle: Horizontal steady turn

g
Lsind = F = EV—
g R

Load factor

n=1/cos®d

%
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Partial derivatives:
use for small disturbances

3
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Partial derivatives:
use for small disturbances

» = ....-"-Z-".-'*:;: | af
0 i
f(xﬂ,yﬂ+Ay)=f(xg,yo)+i(xwyg)-&y / P Cf
ay o , Y y
f(xn+mayn)=ﬁj+fx'm \ a
P o+ AY)= fo+ £, Ay a C
ox fx
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Stability notation issue

Cma = change in pitch moment due to angle of attack

CnB = change in yawing moment due to sideslip angle
V(%L I

Etc. etc. ey, :

Sideslip angle B\f \
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Stability

3
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Static stability

Applied Applied Applied
Force e Force Force

POSITIVE NEUTRAL NEGATIVE
STATIC STABILITY STATIC STABILITY STATIC STABILITY
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Dynamic stability

Displacement ————

Displacement é

Harder to judge than static stability

3
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4.

Static stability
- Lateral examples

-  Longitudinal

3
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Lateral stability: dihedral

" -~
z) 'iw ., Vsinp
AL
Vsinp I Vsinp VsinfsinI’
b >
39 |

%
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Lateral stability: wing sweep
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Tail configurations .... or no tail?

(d) twin vertical tails (e) buttertly tail (f) twin=boom mounted

%
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Tail-Wing Configurations

(a) aft tail (b) tail-first (c) thregsurfaces
o= ‘I e v
(d) tandem wing (e) tailless - (f) flv\ng wing

2] \;mg/
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Longitudinal static stability

o
P
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We have a situation at the tail...

I, = setting of tail surface

"-..._.

tail

(_f‘_’{.\

y ang GL‘/___,.-"’ g~ :,
a l’;raff EK ,..-""':’

a, =a—&+I1,

& = downwash angle

AaH daH = i(a g+|) — 1-%
Aa da da da

5
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Definition Aerodynamic center (subscript a.c.):

Point around which there is no change
in moment due to a change in the angle
of attack

T ¢

Clockwise=

nose up=
positive pitching moment
tail
g a.c.
- (— =
1
1
1
1
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f‘ it
= C:H‘?Cw + C‘._ "Z" Cg_*. .SIC / f“ "‘;th‘
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Wing alone is statically unstable

(+)
Cm, cg
trim point
0
— G
0 Cm,l =0
(b) statically unstable

‘ . - .
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Unfortunately wing with positive
camber not stable!

aerofoil section symmetrical positive camber negative camber
m,ac —+ —
moment curve 0 Crnac (+‘}H Cm,ac
C ’ G C \ —+ G
m m (0]
0 \
() ()
C al / :
centre of + : i
pressure (+)| Xoo=Xac (*) Xac A1 X —> X,
location 0= :}_,_ 0 /—T___\‘-I— i e — 7

—= X

8
/
!
e

T o

N\

Figure 7.15: Moment curve and centre of pressure at small angles of attack for three
classes of aerofoil. The reference point coincides with the nose point.
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Longl This is the situation atlc Stablllty

we want
4
(+) Cni=0 (+)
Cm,cg Cm, cq
trim point trim point &Cm
0 0
AC —F CL AC —> Cf_
) ) Coizo
(a) statically stable (b) statically unstable

Stable when two conditions are both met:

1. Cyo> 0 ;sufficiently positive zero lift moment AND

2. Cm,< 0 ;negative change in moment due to angle of attack = same sign due to C_



First condition:
positive zero lift moment

L,
ﬁ,—" L,=o0 —)"7& — L=0 | a.c.,
4 = : e 5
a.C. W ——Lp=0 -
Ma.p {'} L.h'__Lw

Figure 7.23: Position of the tailplane relative to a positive-cambered wing, resulting i a
positive zero-lift moment.

3
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Static longitudinal stability

L, +)
e Moo
<+ > S ;[ o T “h?_\ﬁ\
\ Vv ﬁ‘- ------ k ‘---"_-'_-_"_':-_-T-u_-:.—_._—_‘__-_::_::.;_h‘_____:__:___:__ - fh_"i( -
a.c.w S
log
D 2
yw
L= Ly, + Ly
and the resulting moment about the c.g. 1s
] . .
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L=L,+ Ly,
and the resulting moment about the c.g. 1s

ﬂ'fcg = P‘Iacw i ﬂ’jra,ch 2 Lwlcg = Lh(gh o Ecg)

Mo, ® 0

= ﬂ-jlrcg = ﬂ-"fa.: 2 erﬂg - Lhﬂh.

3
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-lﬂllr E Shl..rh
Cm = €8 :Cm G cg o C .
= Geede  TOLT ~ g

The product Syl;,. known as the horizontal tail volume. 1s made dimensionless

_ 5 B
Vv & .
=

A, L, W0,

=% SUlg
dC, & dC;
For static stability:
e o V< 0.
C dC L
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Stability and C_, : neutral point

(04
SRR LS AT Factors for pitch stability:
1.00
075 it e Position of tail surface
050, | » Position of center of gravity
E . e M | |
£ ooty ; ) Meaning of neutral point?
S 000 s ' .
£ W i
E ]
E-D.EE gy (j[\ ,{:\
e R i 2
=& #eg =04, ~ Neutral Faoint | |
0.75- —= #icg =06, Tr!m =-2.¥ Deq L | I
= #og=08, Trim=-1.0Deq. $ E}
1.00 . . . . ? i %
-5.00 0.0a 5.00 10.00 15.00 20.00 |

Angle of Attack [Deqg] i
Estimate neutral point: more or less than 0.4?
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Neutral point

The tailplane angle of attack 1s equal to the aeroplane angle of attack increased by the tail
angle of incidence iy and reduced by the downwash angle due to wing lift (Figure 7.22),

oap = ¢+ 1 — €}, . (7.38)
The tail incidence 1s ivariable when the angle of attack i1s disturbed, hence
daj/da =1 —de,/da. (7.39)

The location of the n.p. follows from the substitution of Equations (7.36), (7.34) and
(7.39) into Equation (7.35):

l dL;/dL dL dcy, /d dey\ S
c AT, h_ ([dCL/dedn (1 den Sn. (7.40)
I, 1+dLy/dL, dL,  (dCp/da), da ) S

This expression shows, i a dimensionless form, the distance of the n.p. behind the a.c.
of the wing as a result of the tailplane’s stabilizing effect. For an aft-tail aeroplane,
dLy/dL, = 0.1 and the following approximation can be made:

b (dCL/dﬂ')h der N =
—=1).9 [ ——= V.. 7 A1
¢ (dCL/da)w da ) " iesl)
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How about a canard?

¢ M C,W [_}

E;LG =0 ac.c _9__—:57_’_

# L=D ____Lw:n'_-_-_ qr_ac/
< fc _ Lw=l_

€ =1

Zero lift situation
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Tail vs. canard (foreplane)

Crni =0 lecg
Cm.t:g stabilizing tail CmJ =0 wing plus foreplane
contribution (+) __/_-__- ‘ /
(+) 0 .= 0 trim point _p Cf_
0- trim point 01
0 —® Cf. | foreplane contribution
{destabilizing)
(-) | - wing )
~a plus tail
Statically stable canard,
Inherently stable tail config by moving c.g. forward
rel. to wing
',I';U Delft AE112 Introduction to Aerospace Engineering 58 |




Stability margin

A measure for the longitudinal stability can be determined for a given location of the
neutral point. For this purpose, Equation (7.35) is expressed in a dimensionless form

lnp dCr, 5
= Vi 7.42
& deg " (7.42)
If this expression is combined with Equation (7.32), the slope of the moment curve is
found:
d-Cm E1'111:' == E’cg ;
dc; T & (7.43)
<3 . o
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Piaggio P180 Avanti




.-./-A

. = -
- ~
.y \

Beechcraft Starship 2000




0.

Dynamic stability
- typical modes oscillations of

conventional atrcraft

3
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Typical longitudinal oscillations

Period: 30 sec — several minutes Exchanging:
- Kinetic energy (speed)

- Potential Energy (altitude) h

Langzame slingering (fugoide) Modern airliners:

Long period oscillation (phugoid Low drag, low damping
P (phugold) (sometimes noticeable as passenger)

Period: 2 - 5 seconds

Reaction on disturbance from balance

Snelle slingering High damping
Short period pitching
4 . . .
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Typical lateral oscillations

Zwierbeweging
Dutch roll

4
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Typical lateral modes

Aperiodic rolling Spiral
mode

low speed.
may become unstable

high speed: stable
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Vrille, spin = stalled

Normal stall

A =

s

Flat spin

(similar to steep spin)

4
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Choose an aircraft...

e Estimate for your aircraft in which range the center
of gravity would be from the planform

» For the following stability derivatives:
« The sign of the derivative: negative, zero (negligible) or positive
» Reason for the sign
(contributing factors: change of lift of wing, position of surfaces etc)
« Contribution to static stability (or reduction)

C,, Cy, C,

» Judge the configuration of your aircraft and the position of the
control surfaces. Try to explain why this was chosen as it is from
a static stability and/or control point of view.

3
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Example A300

General data: by 4.y '[l_ﬁj with 77, =Sl
* Wing area S = 260 !n c a do S-c
 Spanb =44.85m
* Length 54.08 m
» Typical operating weight = 90,060 kg
« MTOW = 165,000 kg
« Distance wing ac to tail ag;=25,0 m

Engineering data:

* ClL-alpha wing, g, = 4.4 l/rad (=0.076 per degree)
» ClL-alpha tail, @, = 2.7 1/rad (= 0.047 per degree)
* Downwash at tail 1.0 degree per 10.0 deg alpha
* When c.g. 3.55 m after a.c of wing, it should still beb&ta
@ By

Question: (=

 What is minimum horizontal tail area? sta’;iﬁﬂ?m
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Example A300

General data;

« Wing area S =260 fn Iﬂ _ iW/H [él_ﬁj with VH:sH[IH
« Span b =44.85m C a da C
* Length 54.08 m
« Typical operating weight = 90,060 kg
« MTOW = 165,000 kg
 Distance wing ac to tail ag;=25,0 m

Engineering data:
¢ CL-alpha wing, g, = 4.4 1/rad
« CL-alphatail, g; = 2.7 1/rad
* Downwash at tail 1.0 degree per 10.0 deg alpha
* When c.g. 3.55 m after a.c of wing, it should still bebé&ta

Question:
« What is minimum horizontal tail area? Other potential questions: what is 7,
« S,=67 n?
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Homework Stability & Control

» Anderson problems:
7.1-76&7.9

* Notation is different: h = 0.26 means x.,/c = 0.26

4
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y
woo Sy 1—Ej with V], =1
C a . da Sc

3
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