Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace
Engineerin

http://pig.sagepub.com

Effect of canard stall on projectile roll and pitch damping
C Montalvo and M Costello
Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering published online 4 July
2011
DOI: 10.1177/0954410011403578

The online version of this article can be found at:
http://pig.sagepub.com/content/early/2011/07/01/0954410011403578

Published by:
®SAGE

http://www.sagepublications.com

On behalf of:

Institution of Mechanical Engineers

Additional services and information for Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering
can be found at:

Email Alerts: http://pig.sagepub.com/cgi/alerts
Subscriptions: http://pig.sagepub.com/subscriptions
Reprints: http://www.sagepub.com/journalsReprints.nav

Permissions: http://www.sagepub.com/journalsPermissions.nav

Downloaded from pig.sagepub.com by Mark Costello on August 21, 2011


http://pig.sagepub.com/
http://pig.sagepub.com/content/early/2011/07/01/0954410011403578
http://www.sagepublications.com
http://www.imeche.org/home
http://pig.sagepub.com/cgi/alerts
http://pig.sagepub.com/subscriptions
http://www.sagepub.com/journalsReprints.nav
http://www.sagepub.com/journalsPermissions.nav
http://pig.sagepub.com/

Effect of canard stall on projectile roll and pitch damping

C Montalvo and M Costello*

School of Aerospace Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA

The manuscript was received on 30 August 2010 and was accepted after revision for publication on 21 February 2011.

DOLI: 10.1177/0954410011403578

Abstract: A computational and mathematical approach is used to investigate the effect of
canard stall on projectile roll and pitch damping. For spinning projectiles with dithering canards,
large angles of attack can be achieved by these canards. These large angles of attack can lead to
stall that causes abnormal loads on the projectile. Because of these abnormalities, it is important
to include the effects of stall on the projectile. First, the total roll and pitch moments of two
canards is derived. These equations are then analysed to show that the effects of canard stall can
produce a decrease in roll damping, causing roll rate to increase, and an increase in pitch damp-
ing, causing the no roll frame pitch rate to decrease. To validate this analysis, simulation is
performed using a fully non-linear six-degree-of-freedom dynamic model with canard aerody-
namics. The results from the simulation agree with the equations derived; thus, for projectiles
that use dithering canards for control, it is important to include these non-linear effects in the

projectile dynamic model.

Keywords: projectiles, canards, control, stall

1 INTRODUCTION

Canards are a common control mechanism used in
smart projectiles that provide manoeuvre capability
and range extension [1-4]. Typically, relatively small
canards mounted on the front of the projectile pro-
vide sufficient control authority to enable accurate
flight control. Deployed canards create changes in
the overall aerodynamic characteristics of the body,
most notably increased drag. Deployed canards also
affect the aerodynamic roll and pitch damping. For
rolling, fin-stabilized projectiles, canard deflection
angle is dithered in an oscillatory fashion to create
inertial fine trajectory changes. The amplitude of
canard angle dithering is a key design variable as is
canard area [5]. Given physical real-estate constraints
for practical systems, canard area is typically set rel-
atively low with dither angles set fairly high to achieve
acceptable manoeuvrability. When combining pro-
jectile spin and body motion with canard dithering,
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it is often the case that canards stall over some por-
tion of their roll cycle. Although much has been
accomplished in formulation of control algorithms
for said canard-controlled projectiles [3, 4], stall
effects have not been included. Moreover, canard
stall effects on projectile dynamics are not well
understood. The purpose of this article is to examine
the effect of canard stall on roll and pitch damping
characteristics and resulting roll and pitch response.
Using analysis and simulation, it is shown that during
stall, the effect of canards on roll and pitch damping
of the projectile is modified with the key control-
ling variable being the canard lift curve slope. In
stall, roll damping is decreased, leading to a high
spin rate, while pitch damping is increased, leading
to significant changes in angular rate response. Thus,
for canard-controlled projectiles with large dither
amplitudes or body angular motion, it is important
to include these effects in analysis.

2 DYNAMIC MODELLING

To consider canard stall effects on a spinning projec-
tile, a standard projectile flight dynamic modelling
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approach is employed. The 12 equations of motion
describing the flight dynamics of the projectile are
given below in equations (1) through (4). These equa-
tions are well known and reported in many sources [6]

X CoCy SpSoCy — CpSy,  CpSoCy, + Sp Sy u
j/ = | GSy SpSeSy + CpCy  CpSoSy — SpCy v
z — S0 Sy Co CpCo w
| M)
q? 1 So ty Co Iy p
Q =10 Cy —Sp q (2)
v 0 Sd,/Cg C¢/C@ r
u X/m 0 -r g u
ve=3Ym¢y—| r 0 -—p v 3)
w Z/m -qg p O w
p L Ly LT[ L
g=|Ly Ly L M
r ) I, Iyz L, N (4)
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—| r 0 —p Ly Ly I, q
L—4q9 P 0 I, Iyz 2z r

The applied forces and moments in equations (3)
and (4) contain contributions from the weight of the
projectile, body aerodynamic forces, and canards [5].

The aerodynamic force due to a single canard is
modelled as a point force acting at the lifting surface
aerodynamic centre, as shown in Fig. 1. The orienta-
tion of a particular canard is obtained by one body-
fixed rotation. Starting with the canard axis aligned
with the projectile body axis, the canard is rotated
about the I axis by the azimuthal (¢c,) angle. Figure
2 shows a diagram of the two canards used in this
development. Strip theory is used to compute the
canard aerodynamic loads [6]. Notice in Fig. 1 that
the aerodynamic angle of attack of the ith canard is

calculated using only the usc, and wac, components
of the relative air velocity experienced by the canard
computation point. In the projectile body axis, the ith
canard force is given by equation (5). The transforma-
tion matrix T, is shown in equation (6).

)(Ci
Ye, ¢ = dc;Sc;
Zc,
CLcl- sin(ac, — 8;) — CDCi cos(ac, — 6;)
[Tci] 0
-G, cos(ac, — 8i) — Cp, sin(ac, — 8;)

)
1 0 0
Te,=| 0 cos(¢c,) —sin(¢c,) (6)
0 sin(¢c,) cos(¢c,)

Fig. 1 Canard aerodynamic model force diagram
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Fig. 2 Projectile model with canards
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In equation (5), qc, is the dynamic pressure at the
canard computation point, Sc, the canard reference
area, and §; the canard deflection angle. Dynamic
pressure is given by equation (7)

do, = (i, + 1R, + i, ) @)

The canard lift and drag coefficients are linearly
expanded terms of canard aerodynamic angle of
attack and local Mach number at the canard
computation point. Finally, the angle of attack
of the canard is computed using the equation
below

w,
ac, = tan ™! (ui) +5i ®)
Ac;

i

3 ROLL AND PITCH DAMPING ANALYSIS

To analyse pitch and roll damping effects of the
canards, Fig. 2 is used as an aid to generate expres-
sions for the total roll moment. The rotation angle for
canard 1 is zero and canard 2 has an azimuthal angle
equal to 7. The roll moment of each canard is com-
puted by calculating the normal force at each canard
and then multiplying this by the distance from the
centre-line of the projectile to the canard computa-
tion point, BLcan.To compute the dynamic pressure
at the canards, the equation relating two points on a
rigid body is used [6]. The velocities for canard 1 are
shown below. The velocities at canard 2 can be
obtained in a similar fashion. The SLcan parameter
is the distance along the Iy axis from the centre of
gravity of the projectile to the canard computation
point.

uAc1 u— TBLCAN
Up, (= v+ rSLcan )
W, w — QSLCAN + pBLCAN

To form a compact final expression for the roll
moment, it is assumed that the total velocity experi-
enced by both canards is the same, V, ~V,_.
Although the canards experience large differences in
angle of attack, the total velocity on both canards is
roughly the same since the yaw and pitch rates are
relatively small. The general equation for lift is
shown below

CLi = CLO + CLaCaCi (10)

Finally, the angle of attack of the canards is
assumed small such that g}e angle of attack can be
approximated as oc, ~ Tf"—i— 8;. The total roll
moment only due to the canards then reduces to
equation (11), where éc = §; = =62
pu r(w-— qSLCAN))

Lc = qL|:CLaCBLCAN (r5c A + 7

—pBLcan Coo — Giou]
qr. = pVaScBLcan (11)

The dominant terms in the equation above are the
terms involving the roll rate of the projectile. These
are standard roll damping terms. The roll rate of the
projectile is so large compared to the pitch and yaw
rates that the total roll moment creates significant roll
damping on the projectile. The other terms are
relatively small even for a controlled trajectory.

An interesting point to note is that if the canards
stall so that (3., switches sign, the largest roll damp-
ing term becomes positive and actually creates a roll
rate increase. Furthermore, the term 3¢ is extremely
small since the canard deflection angle maximum is

Fig. 3 Example of fin-stabilized projectile with canards retracted
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Fig. 4 Lift curve models

Table 1. Initial conditions for simulation

Attitude Velocity Attitude
Position (ft) (rad) (m/s) rates (rad/s)
x=0 ¢=0 u=294.07 p=0
y=0 6=1.08 v=0 q=0
z=0 v=0 w=0 r=0
3.5
= Canards Deployed
3 ===Canards Retracted |
25 ’—‘—-~\\ 1
£ AN ]
s - \
k] \
é 15 \\ i
< 3\
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Fig.5 Ballistic trajectory — altitude versus range

only about 15° or 0.25 radians. Thus, when the
canards start to dither, there should be almost no
change in the roll moment produced by the canards
assuming that the angle of attack of the canards stays
within the linear regime of the lift curve slope.

The total pitch moment of the canards can be
found in a similar way as the roll moment. The
equation for total canard pitch moment is shown
below

Wou — prBLE sy
v

Mc = CIM|:CL0¢C (u5c +

+ W, Cpo — rBLcan Cio |
qv = pVaScSLean- Wy = w — gSLean

(12)
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Fig. 6 Ballistic roll rate versus time

0

E N
z \
=005
C
[0}
£ N
[e]
s \
n=? -0.1
)
©
c
©
O -0.15
©
°
'_

02

0 10 20 30 40 50 60

Time(sec)

Fig. 7 Ballistic roll moment versus time

The equation above shows a strong dependence on
canard deflection angle since it is multiplied by the
forward velocity of the projectile. Thus, the pitching
moment increases when canards are dithered. In
stall, when the lift curve is negative, the average
moment per roll cycle decreases.

4 RESULTS

To verify the simple equations above, trajectory
results for a sample projectile are generated for dif-
ferent dithering canard scenarios, including cases
where the canards are stalled over a portion of the
roll cycle. An industry standard fully non-linear six-
degree-of-freedom simulation tool called BOOM is
employed for these purposes [7]. The projectile used
is shown in Fig. 3. This projectile is fin stabilized, 5 kg
and is 0.61m in length. The projectile uses two for-
ward canards that dither to a maximum deflection of
15°. The canards are positioned 0.13 m forward of the
centre of gravity with a canard area of 12.08 cm?. The
lift curve of the canards is modelled as linear between
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Fig. 8 Ballistic pitch rate (no roll frame) versus time
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Fig. 9 Ballistic pitch moment versus time
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Fig. 10 Controlled trajectory — altitude versus range

Fig. 11 Controlled velocity versus time

a certain angle of attack range and then stalled out-
side of this range. Figure 4 depicts the lift coefficient
representation. Notice that the simple stall model is
fully specified by Bs and «s. For verification purposes
and to match the data for this projectile, ag is set at
10° and Bs is set at 0°, 45°, and 90°. The three scenarios
are called linear, constant, and stall, respectively. The
initial conditions for the simulated trajectories are
shown in Table 1.

To analyse the effects of the canards without any
control, the canard deflection angle is first set to zero.
Two trajectories are simulated, one with the canards
deployed and the other with the canards retracted.
Since this is a ballistic trajectory, the angle of attack
of the canards remains in the linear regime. Figure 5
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Fig. 13 Controlled roll rate versus time

shows the altitude versus range for the two trajecto-
ries. When the canards are deployed, they create
more drag on the projectile and range is reduced.
Figure 6 shows roll rate which is lower when the
canards are deployed because of the two dominant
roll damping terms found in equation (11). The total
roll moment is negative throughout the duration of
the flight, as depicted in Fig. 7. Just as the simple
equation predicts, the pitch rate remains quite simi-
lar, as seen in Fig. 8 which shows the pitch rate in the
no roll frame to decrease ambiguity. In addition, the
pitch moment which only oscillates between about
0.014 N-m is very small, as shown in Fig. 9.

troller is used to command the projectile to a range of
about 4.2 km. The control system is activated at 23 s
into the flight which corresponds to the apogee of the
flight and promptly deactivated at 45s. Figure 10
shows the trajectory for all three Bs angles. The
linear model reaches the target location since it has
the most canard effectiveness. The other two trajec-
tories incorporate a loss in lift when the angle of
attack of the canards is larger than «s. An important
note to make is that the overall velocity of the projec-
tile remains quite similar for all three trajectories, as
shown in Fig. 11.

The equations derived previously predict that the
roll moment increases when the canards stall and
cause the roll rate to increase. Figure 12 shows that
the total canard roll moment changes negligibly for
the linear case, becomes zero at times for the con-
stant case, and even becomes positive for the stall
case. Thus, as shown in Fig. 13, the roll rate using
the linear model remains unchanged but when the
stall model is incorporated, the roll rate increases
considerably. In addition, when the control system
is deactivated, the roll moment and roll rate returns
to the value of the linear case. Just as the pitch
moment equation predicts, the pitch moment
decreases when the stall model is used and as such
increases pitch damping, causing the pitch rate to
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Fig. 15 Controlled pitch rate versus time

decline. Figure 14 shows the total canard pitch
moment and Fig. 15 the pitch rate declining as a func-
tion of Bs. When the control system is deactivated the
pitch moment increases and causes the pitch rate to
spike. Note that in the linear case, the pitch moment
of the canards increases by more than 500 times the

ballistic simulation which is caused by the first term
in the pitch moment equation. Due to the increase in
pitch damping and loss of canard effectiveness, it
is also clear that the body angle of attack, shown in
Fig. 16, and the canard angle of attack, Fig. 17,
decreases as a function of Ss.
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5 CONCLUSIONS

When modelling spinning, fin-stabilized, canard-
controlled projectiles, it is important to fully model
the lift on the canards. If the canards reach a point
where they stall over a portion of the roll cycle, the
canards lose their damping effectiveness. This effect
can be particularly important for some projectile con-
figurations where specific roll rate characteristics are
an integral part of the overall operation of the muni-
tion. Simple expressions were developed that clearly
explain how canard stall affects angular rate damping
of the round. These expressions should prove useful

12 T
— Linear
10 —==_Constant ||
—-=—-Stall
8
6 —

Body Angle of Attack(deg)

-

2 J&"*
0 3

0 10 2

0 40 50 60
Time (sec)

Fig. 16 Body angle of attack versus time

to smart projectile designers in sizing controllable
canards.

© Georgia Tech 2011
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APPENDIX
Notation

CLot
Cro, Cpo

Cic;, Cog,

L, Iyyy Loz, Lz, IyZ! Ixy

L M,N

LC,-$ MCir NCi
p.q,r

qc;

Sc,

SLcan, BLcan
Tc.

i

lift curve slope of the canards
zero angle of attack force
coefficients

aerodynamic force coeffi-
cients of ith canard

projectile moments of inertia
in body reference frame
components of external
moments acting on projectile
in body reference frame
components of external
moments created by the ith
canard in body reference
frame

components of angular veloc-
ity vector in body reference
frame

dynamic pressure at the ith
canard

reference area of ith canard
distance from mass centre to
canard computation point
transformation matrix from
the ith canard reference frame
to body reference frame

u, v, w

UAC;» Vac;» WAC;

Va,

i

X, ¥,z

as, Bs
dc
¢,6, %
dbc;

components of velocity vector
of mass centre in body refer-
ence frame

aerodynamic velocity compo-
nents at canard computation
point in body reference frame
total aerodynamic velocity of

ith canard

components of position vector
of mass centre in an inertial
frame

components of external forces
acting on projectile in body
reference frame

components of external forces
created by the ith canard in
body reference frame

aerodynamic angle of attack of
ith canard

lift curve slope model
parameters

ith canard deflection angle

air density

Euler roll, pitch, and yaw
angles of projectile

rotation angle of the ith canard
about the Iy body axis
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