
FLIGHT CONTROLS

Pushing forward moves the elevator DOWN, moves the nose DOWN to

descend.
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FLIGHT CONTROLS

Brakes are
located at the
top or "toe"
of the pedal

Pilots use rudder pedals on the floor to move the rudder LEFT or
RIGHT to help the airplane turn.
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Stick Force

Force exerted by pilot to move the control
surface

- Stick Force Gradients

Trim Tabs
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Stability and Control

{. Inherently stable airplane
returns to its original condition
after being disturbed. Requires
less effort to control

* Center of Gravity concerns:
* Unable to compensate with

elevator in pitch axis
* Weight and Balance becomes

critical - taught in a coming
lecture
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Control Surfaces and their Function
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ACD25OIAerodynamic Surfaces

EIevator

Stabilator

m Tab
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Phugoid Motion

Phugoid mode is a lightly damped long period oscillation.

The incidence is almost constant and the aircraft varies altitude
at constant energy, trading potential for kinetic and back again
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Trim and StabilitY
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StabilitY and Moment coefficient variation

How the moment coefftcient cM varies with angle-of- attack

determines the stability of the airctaft

0

PEMP
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Effect of C. G. Position on Stabitify
If the c.g. is forward of the aerodynamic centre, dMcg/da will
be negative and the aircraft will therefore be statically stable.

If the c.g. is aft of the aerodynamic centre, dMcg/do will be

positive and the airqaft.will therefore be statically unstable.

If the c.g. is at the aerodynamic centre, dMcg/do will be zero

and the afuqaftwill therefore be neutrally stable.
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Forces and Locations Conventional A/c
LT

trws,t,

where h,f is the distance of the c.g. aft of a reference point aud h-E is the fistance of the

neutral point aft af,a reference point.

Assuming T, D and Z, and Z, are small

ulnt
I

I

Da
/ro a

hc I

!l/
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Forces and Locations conventional A/c

L is bigger than D and T so it is a fair to drop the last 2 terms

giving. 1y'.e = l1/0 - (li, - lt)eL - LrI'

Using non-dimensional coefficients and defining tail volume

PEMP
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Typical values for Tail volume ratio

ratio as
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Typical Values for Tail Volume Ratio
PEMP
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Note : For Trim,
LHS should be zero

This equation can answer the questions
. "'What is the lift required at the tailplane for trim." or
. "Calculate the elevator angle required for trim."
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Longitudinal Stabilify

Static stability (tendency to return after control input)

- up elevator increases downward lift, angle of attack increases;

- lift increases, drag increases, aircraft slows;

- less downward lift, angle of attack decreases (nose drops).

PEMP
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Aside: CG and Center of Pressure Location

Aft CG increases speed:

- the tail creates less lift (less drag);

- the tail creates less down force (wings need to create less lift).

- This also decreases stall speed (lower angle of attack req'd).

a
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Longitudinal Modes
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Lateral Stability
Lateral static stability: refers to the ability of the aircraft to generate a yawing
moment to cancel disturbances in sideslip V
Question : Which direction should the yawing moment act to align the aircraft with

the velocity vector ?

Original Flight Direction

07
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Typical Experimental results
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$tablliVAnalysls

Stability Analysis

Longitudinal
$ffiic
,$tahility

Stahilrty

Dynamic
$tability La**raland

DirocUonal
StablliV

Elevator Fixed

Elevator Free

Aileron Fixed

Ailaron Free

Rudder Fixed

Rudder Fraa

PEMP

ACD25OI

Elevator, Aileron & Rudder Fixed ) These are at a fixed angle during the motion
Elevator, Aileron & Rudder Free ) They are free to adjust as the motion goes on
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Equilibrium, Stabitity and Control

Equilibrium: When all forces (Lift, Weight, Drag,
Thrust ) and moments about the c.g cancel out

Stubility : An airplane is said to be statically stable if,
following a disturbance, forces and moments are
produced by the airplane which tend to reduce the
disturbance by itself.

Control: Forces and moments produced by pilot
inputs to bring the airplane back to equilibrium after
disturbance.

PEMP
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Equilibrium, Stability and Control

Stability and controllability are different

- Stability : If a system is in equilibrium, ability to maintain
that state

- Controllability : the ability to change the equilibrium state

Very stable airplane will resist changes in it's attitude
and hence, will be difficult to control.

Military airplanes, for which maneuverability is one
of the requirements, have lower levels of stability
than civil airplanes.

Stability is desirable but not necessary in piloted
planes

PEMP

ACD250l

a

07
O M.S. Ramaiah School ol'Advanced Studies. I)engaluru 43



a

a

a

a

An airplane may be stable under some conditions of
flight and unstable under other conditions.

For instance, an airplane which is stable during straight
and level flight may be unstable when inverted, and
vlce versa.

- This stability is sometimes called inherent stability.

Modern combat aircraft are deliberately made to be
inherently unstable, as this increases their
mano euvr abiLity (Eg TEJAS )
This requires a sophisticated automatic artificial
stabilisation system, which has to be totally reliable.

PEMP
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Static Stability- l DOF
PEMP

ACD250t

Statically unstable. lf the forces
and moments are such that the
body continues to move away from
its equilibrium position after being
disturbed, the body is statically
unstable.

Neutrally stable. lf the body is
disturbed but the moments remain
zero, the body stays in equilibrium
and is neutrally stable

*

I
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Statically sfable. lf the forces and
moments on the body caused by a
disturbance tend initially to return
the body toward its equilibrium
position, the body is statically
stable.
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Dynamic Stabitity

1. Dynamic stability deals with the time history of the vehicle's motion after it
initially responds to its static stability.

2. Consider an airplane flying at an angle of attack (AOA) such that the
moments about the center of gravity (cg) are zero.

3. The aircraft is therefore in equilibrium at o" and is said to be trimmed, and o"
is called the trim angle of attack.

4. Now imagine that a wind gust disturbs the airplane and changes its angle of
attack to some new value o . Hence, the plane was pitched through a
displacement (o - o" )

5. Three responses are possible

disturbance

flnlid
dmrbsnce

Timo Time Tme

Aperiodic Damped Damped Oscillatory Un-damped Divergent

lnitial

07
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Stabitify

For a successful flight :

- Airplane must be able to achieve equilibrium flight

- It must be manoeuvrable for wide range of velocities and
altitudes

For thes e, aitcraft must possess aerodynamic and
propulsive controls

Stability and control characteristics of an atrplane are
referred to as handling characteristics
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Longitudinal Stability and Control

a

a

a

a

a

a

a

a

Wing Contribution

Aft Tail Contribution

Canard Configuration

Fuselage Contribution

Power Effects

Elevator Eflectivenes s

Elevator Trim

Hinge Moment
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Pitching Moment Vs CL
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Degree of Longitudinal Stability

Nose up

I

E
0)
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H
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sta&flir3r
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Effect of CG movement

6e eit
h

Ca *f*r* dt - lr,l*l
i

C6
I

NF

q
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Rate of Climb (ROC)

Steady Climbing Flight

0r
W= mg

Earth's Surlace

e - flight path angle wrt horizon (positive as shown)
Note: arrows not to scalel

Graphkrs source: Anderson. Air6a,t Perfumance ard Oesifl

L

Straighl
flight
path
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ROC

No acceleration (steady)

Wings level

Climbing flight at an angle 0
to Earth's surface

Thrust parallel to velocity

Sumrning forces parallel to the flight
direction:

T-D-Wsin0=0
Summing forces perpendicular to the flight direction:

L-Wcos0=0
Rate of Climb = ROC = V sin0

Note that the same equations apply to steady descending flight!

W=mg

Earth's Surtace

PEMP

ACD250l

Straight
fight

L Path

T
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ROC

Starting with the sum of forces parallel to the flight direction:

T-D-Wsin0=0

Multiply by V and re-arrange:

V
-Vsin0: ROC

W

Note that:

TV=Pn=PowerAvailable W * IItg
0r

DV=Pn=PowerRequired
Earth's Su rface

Thus,

,1n,-r PowerAvailable-Power Required
I \\J \J 

-

Excess Power
W W

L

Straight
fligfrt

V

PEMP
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DTV
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ROC

PA

PR

Drrr._ TV -DV _ Po - P* _ Power Available-Power Required _ Excess Powerr\v,\/-vy'--w-w-w

P

V

Excess
Power
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Tlpical ROC numbers

Aircraft Tpc Sca levcl, fi/C,,* Minimum timc to clirnb

Mirage III
Mirage 2000

F-llt
F-4

F-14

F-15

F-16

Interceptor

Interceptor

Fightcr

Fighter

Interceptor

Fightcr

Fightu

5.0 krn/min

14.94km/min

10.94 krn/min

8.534 km/min

9.14 km/min

15.?lkn/min
l5.Ukrlmin

3.0mttollkm
2.4 mt to 14.94 km

N/A

N/A

N/A

N/A

N/A

Ref : Performance Stability Dynamics and Control by Bandu Pamadi
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Turn Performance

Airplanes turn by tilting the Lift vector, to give :

- Horizontal component, L * Sin ( p), 'p'bank angle

- Sharper the turll, larger the needed Lift Vector

PEMP
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l

Horizontal

I

I

I

I

I
I

I

gh

Level Flighl

Weiht

Banked Turn

I

I

I

I
I
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Turn Performance

2nWT-D:0
f,cos tt-W:O
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PSCt

2W

PSCtcos p
yz

tan p.: I;
yz

v

In==-
cos p

gt^np
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Turn Performance

Ltbr rr
L co. ,l

L Lco3|l

w

t h,
TCot,
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Range : How Far
Range - How far can we flv?

ln this discussion we will try develop integral equations to calculale the
range of an airplane during its cruise leE.

Range will be significantly affected by weight, so let us start by defining
some weight quantities. Let:

Wo - Weight of the airplane at the start of cruise leg

$ - weight of fuel at a specific point in time; varies throughout the
cruise leg

W., - weight of the airplane at the end of the cruise leg

W - weight of the airplane at a specific point in time; varies
throughout the cruise leg

At any point during the cruise leg, then:

W=Wr+Wr

PEMP

ACD25OI
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Start of Cruise
w=wo

Range

Durino Cruise
W=W.r+W:

End of Cruise
W=Wr

PEMP
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Time *

Range
(Distance Coveredi
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Range

Let us a$sume we are in level steady fllght, and that our
thrust vector is aligned with the airspeed:

W=ffi$

Earth's Surface

L

PEMP

ACD250l

T
D

T=D
WLV

.p
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Range

After a ceftain amount of calculus and manipulation we can
write the following integral equation for the range, R, of a
turbojet airplane:

,JW

PF,MP

ACD25OI

T
W

R T
VLdW

DW ct

1

PS Co

2 Cf'z OW

ct W

Very few assumptions were made to derive this equation:

. Flight in no-wind conditions

. Steady level flight
L=W
T=D

. Thrust aligned with V
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Range

We can make some further assumptions and that will simpliflT
the integral and allow us to evaluate it explicitly:

. The thrust specific fuel consumption,
q is constant

. We are flying at a constant altitude,
thus p is constant

. The wing area, $, is constant (we hope so!)

/c")

PEMP

ACD250l

. We are flying at a constant value of (C !2
L

These assumptions allow us to move various quantities in
front of the integral:

01
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Range

1 2 r-!2\JL

cl

Now we can evaluate this integral explicitly:

2 2 CI'

dW

ffiPS CD T
W

R
PS Co [ru#'-w/')ct
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This is one version of the range equation for a turboiet airplane.
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R

Range

2

c W')

PEMP
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t

What is this equation telling us about obtaining maximum
range for a turbojet airplane?

. For maximum railrge, fly at the value of Cl where

(cl'/cr) is maximum.

. Fly at high altitude so that p is small (within limits..").

. Use an efficient engine with a low value of q.

. Carry lots of fuel.

07
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Range

A similar equation can be derived for an airplane powered by
a reci p rocatinq eng i nelpropel ler corinbination :

R Ip. C1 tnIL
CDWc

PEMP

ACD250l

1

Where,

ep, is the propeller efficiency
c is the power specific fuel consumption

This is one of the best known equations in aeronautics. lt is
known as the Brequet Ranqe Equation.

What is this equation tetling us about ohtaining maximum
range for a reciprocating engine/propeller airplane?
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rO M.S. llamaiah School ol'Adv:rnccd Studies. BengalLrru 37



PEMP

ACD25OI

o

a

Session Objectives

Aircraft Performance:

- Basics of performance (steady state and accelerated)

- Performance characteristics of aircraft for (Civil
passenger, cargo, Military- fighter, bomber)

- Range, Endurance, Rate of climb, maximum Mach number

Stability and Control

- Basics of stability : CG location , AC, limits

- Longitudinal, Lateral control

07
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Performance Basics

Speeds : Maximum and Stall, Range,
and Rate of Climb

307
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Performance

4@ M.S. Ramaiah School ol'Aclvanced Studies. IJengalrrru

. Performance: A measure of how well a device does

its job
. Airplane Performance Examples

- Speed -> how fast/slow can it go?

- Rate of Climb -> how fast can it go up?

- Ceiling -> how high can it go?

- Range -> how far can it go?

- Endurance -> for how long can it fly?

- TakeofVlanding -> how much runway does it need?

- Turning -> what is the minimum turn radius?

07
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a Helicopter Performance Examples

- Hover Capability -> how much weight can it Iift vertically?

- Speed -> how fast can it go?

- Rate of Climb -> how fast can it go up?

- Ceiling -> how high can it go?

- Range -> how far can it go?

- Endurance -> for how long can it fly?

507
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Performance

Aircraft performance is determined by following
Mathematical Modeling

- Computational Fluid Dynamics

- Classic al aerolpropulsive/mass analyses

Ground Testing

- Wind tunnel testing

- Static engine testing

Flight Testing

a

a
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Steady level Flight

L - Lift
D - Drag
W - Weight
m - mass

W=mg

Earth's Surface

g - acceleration of gravity
V - velocity, freestream airspeed (no wind)
Note: arrows not to scale!

L

D

T

V

Graphics source: AndeEon, Aircrafr Ferformance and Design

G
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Performance

Aerodvnamic [\4odels

The llft, L, and drag, D, of the airplane can be calculated from:

1
pV2SC,_

1
D pV2SCoL

2

Where:

p is the atmospheric density
V is the airspeed
S is the wing area
C. is the lift coefficient
Co is the drag coefficient

2

I07
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Performance

Aerod narnie Models - continued...

We will model the relationship between the lift and drag of an
airplane through the drag polar:

Co=Co.o+KC.2

Where we know the values of Co,o and K for our airplane.

The lift coefficient, CL, has a known rnaximum value:

C.,*r*

907
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Performance

Propulsion Models

In this introduction to performance lecture
our airplanes are using turbojet engines:

PEMP
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we will e all
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Propulsion Models

Performance

continued-..

PEMP

ACD250I

For a turbojet engine the maxi*rl thrust, Trr*, does not
change with airspeed, V, while ftrying at subsonic speeds.

For a turbojet engine the maximum thrust, TMur, decreases
with altitude as given bY:

T"o Tr"*o

Where,

po is the atmospheric density at sea level
Trrrr*o is the maximum thrust at sea level

07
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Performance

Propulsion ft/odels - continued...

How do we quantify the fuel consumption of a turbojet
engine? We usually do so by calculating the thrust specific
fuel consumption, q:

cr - thrust specific fuel consumption

(weight of fuel consumed for a given time increment)

(thrust output). (time increment)
W fuel

T
ln this lecture we will model q as follows:

At subsonic speeds q is constant. lt does not vary with
velocity or altltude.
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Stall Speed

By definition, lift is perpendicular to the
wing and V

By definition drag is parallel to V

No acceleration (steady), dV/dt = 0

L

w-mg

PEMP
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T
D

V

wingslevel ffi*
F*orizontal flight parallelto Earth's surface (level)

Usually the magnitude of L and W are Ereaten than D and T

Summing forces parallel to the tlight direction:

T-D=0 orequivalently

Summing forces perpendicular to the flight direction:

L-W=0 orequivalently L W

T=D

07
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Stall Speed

Let us determine how slow we can fly in steady level flight.
ln other words, we want to determine the stall speed, V*,'.

1 pv2sc. -u,/

PEMP

ACD250l

L
2

V
PSCr=uu*

2W
V

PSCt

How do we minimize V for a given airplane?
By flying at C,_,rrr!

2W
stall

0'/
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Stall Speed : Example

V
2W

pscrrr",stall

Numerical Example: Motorglider

m=300k9
W=mg=2,943N
p = 1 .225 kgim3 (i.e., sea level)
S = 12.5 rnz
CL,*r, = 1'5

Vrtun = '16 m/s

O M.S. Ramaiah Sclrool ol'Advanced Studies" Bengaluru l5

How does the various parameters in this equation:

W, p,S, CL,uu,

affect Vstarr?

07
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V-u*: Maximum Speed

D

TMax

Airplane at Specific.
Altitud,e
WeQht

D

Vt*

D = Tna*

07
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V Maximum Speeda

max '

To determine the maximum speed of a turbojet airplane we
start with the equation of motion:

But we agreed to rnodel the thrust as:

Tru*t9
and determine drag fnonr:

T-D

T=Tr"r=

1

Substituting these equations into the first one gives us:

Io) 1 ,,2...-l*"rol - l=;pV'SUo\ft.r z

D pv2sco
2

07
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V Maximum Speeda

zKW'
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max '

C +K 4W2
D.0 (ou'.f

Which we can then plug in onto our equation relating thrust
and drag:

CD

,,-,[;)= lpV2sce

to get, after some rearranging:

Tr*o
p 1

pv2SCr.o +
PV,Sr+ 2

Multiplying both sides of this equation by V2 gives us:

07
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max '

Which, after some rearranging gives us:

[o*",,]r'-[r*,-L")

V Maximum Speedo

PEMP

ACD25OI

[1")r'-lpvoscoo
T*"* 2KWn+_

pS

, 2KW,
V + 0

pS

Notice that this is simply a quadratic equation in V2 of the
form:

,fr')*+bV2*c=o
Where,

a-
Lrlo"",,J

o=[-'*-["]] lzxw'-l
"=L o. -l

07
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Maximum Speed

This quadratic equation has a solution of the form:

2a

t*)Tr"*o +
2

KW

pscD,O

Finally, we are interested in the maximum speed, Vy6x, So

we pick the positive root in the above equation to yield...

-2Itt*o -4C 2
D.0

V

a7
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V Maximum Speeda
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max '

v*r,
,,*.(otJ

PSCo.o

Numerical Example: Motorglider Powered by a Turbojet (Wow!)

m=300k9
W=mg=2,943N
p = 0.6601 kg/nn3 (i.e., 6,000 m altitude)
po = 1 .225 kglm3 (i.e., sea level)
$ = 12.5 m2
Co,o = 0.015
K = 0,020
TM.ro = 500 N

Vr* = 64.7 mls

+ ,#-.[*J'-4cDoKW2
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