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1. Introduction

The acquisition opportunities for new weapons systems are in-
creasingly limited due to budget restrictions. This environment
requires a major shift in defense research toward low cost tech-
nologies. In the past, the typical research progression yielded new
weapons often characterized as more complex and of higher cost.
A more appropriate research emphasis is cost-effective technolo-
gies.

The focus of this study is performance improvement of guided
projectiles using low cost components. Precision munitions have
enjoyed some development in recent years. Feedback measure-
ments from a laser designator have been used in guided projectiles
[12,2]. GPS navigation has been utilized more recently for precision
munitions [8,11,5,6]. These past efforts have all focused on indirect
fire weapons mainly against stationary targets. The airframes either
featured low inherent maneuverability or the nature of the feed-
back measurements did not permit intercepting moving targets.

This study extends past work in guided projectiles by inves-
tigating enhanced maneuverability for range extension, terminal
trajectory shaping, or engaging movers. High maneuverability air-
craft and missiles have been in existence for many years. Classi-
cal and modern control techniques have been applied with much
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success to the missile problem [1,15,14,19,20,9,18]. Cost often as-
sociated with the sensor and actuation systems; however, it is a
detractor for application of aircraft and missile technology to the
gun-launched environment. The land warfare community requires
a high volume of available fires and the projectiles are of one-time
use in contrast to manned and unmanned aircraft. Additionally,
maneuver authority is often limited in the gun application due
to stowing aerodynamic stabilizing and control surfaces for tube
launch and reduced dynamic pressure for aerodynamic control due
to the frequent absence of a rocket motor. Components must be
hardened to survive the gun launch event. Finally, the performance
of low cost guidance, navigation, and control (GNC) technologies
(e.g., initial measurement time, measurement calibration, measure-
ment update rates, actuator bandwidth, and processor throughput)
is stressed in the dynamic ballistic environment (high Mach num-
ber, short time-of-flight, high spin rate).

In this study we propose to solve the low cost, high maneuver-
ability projectile problem using two fundamental ideas. The first
core theme is to develop algorithms which reduce the actuator
or sensor burden. Cost drivers in aerospace systems are often the
sensor or actuation system. We seek to understand how carefully
constructed software can accommodate poor performing hardware
for gun-launched munitions. The second thesis is that high fidelity
multidisciplinary modeling must be developed to perform simula-
tions which consider all aspects of the problem concurrently. Un-
derstanding the coupling between modeling of the actuator input,
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Fig. 1. Block diagram of nonlinear system dynamics with feedback control.

airframe response, and measurement output is critical to analyzing
the cost-performance trades which define system requirements.
Examining a portion of this problem in isolation as performed in
past work does not yield cost driving technologies.

This paper is organized as follows. Nonlinear equations gov-
erning flight motion, actuator response, and measurements are
derived. This paper describes these multidisciplinary nonlinear
models in a comprehensive manner and formulates them for the
present problem. Linearization and incorporation of flight, actuator,
and measurement models into various system models which are
critical to understanding guided flight behavior and underpins con-
trol design, are detailed. The overarching guidance and flight con-
trol strategy for low cost, enhanced maneuverability is sketched.
The family of proportional guidance laws, which are based on the
measurement models and enable interception of moving targets
with minimal feedback measurements, is outlined. Flight control
techniques are provided which utilize the system modeling and
accommodate low cost actuation and measurement technologies.
Characteristics of a high maneuverability airframe and low cost
GNC system are given. Finally, linear flight control and nonlinear
guidance and flight control simulation results demonstrate the im-
plementation of the theory and efficacy of the GNC solution.

2. Theory
2.1. Problem formulation

The basic elements of a guided projectile are shown in the
block diagram of Fig. 1. The nonlinear dynamics of the actuator,
flight, and measurements are fed back and combined with a de-
sired reference to yield an error. Control commands, formed by
multiplying this error by a gain, influence the system dynamics to
achieve the desired response.

High fidelity models of the actuator, flight, and measurements
must be formulated and implemented in simulation to support the
thesis of this work. These models are provided in subsequent sec-
tions.

2.2. Flight models

The flight model includes aerodynamics and flight dynamics.
The reference frames and coordinate systems follow. The Earth co-
ordinate system (subscript E) is used for the inertial frame and the
body-fixed coordinate system (subscript B) is used for the body
frame. These coordinate systems obey the right-hand rule and are
related by the Euler angles for roll (¢), pitch (6), and yaw (y) as
shown in Fig. 2.

Applying trigonometry with the standard aerospace rotation se-
quence (Z-Y-X) yields the transformation matrix from quantities
in body-fixed coordinates to Earth coordinates:

|

Maneuvering projectile flight is often achieved through move-
able aerodynamic surfaces. Fig. 3 shows four moveable surfaces

CoCyr
CoSyr

SpSeCy — CpSyr  CpSaCyr + SpSyr
SpSeSy + CpCyr  CpSoSy + S¢Sy
S¢Co CyCo

Tge =

(1)

Fig. 3. Moveable aerodynamic surface numbering scheme and trailing edge deflec-
tion sign convention (viewed from projectile base).

equally distributed around the projectile; as well as the number-
ing scheme and sign convention associated with the trailing edge.
The moveable aerodynamic surfaces are numbered starting with
the surface with smallest roll angle and proceeding with increas-
ing roll angle.

Individual moveable aerodynamic surfaces combine to yield ef-
fective roll, pitch, and yaw deflections. The drag deflections are not
used in the maneuver scheme:

1
8p = 4_1(_61 — 83 — 83 —34)
1
8= 1(81 — 82 — 83+ 04)
1
o = 2(51 + 82 — 83 —64)
1
3a= 1(51 — 8 + 83 —84) (2)
Rigid body projectile flight states are center-of-gravity posi-
tion [x y z]T, attitude [¢ 6 v T, body translational velocity

[uv wlT, and body rotational velocity [p q r]7. Kinematics
provides the relationships between motion in the body and inertial
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Fig. 4. Body-fixed coordinate system and aerodynamic angles.

frames. Translational and rotational kinematics for the body-fixed
coordinate system are [13,10,16]

X CoCy  SpSeCy — CpSy  CpSeCy + SpSy u
|:j/:| = |:c@s¢ SpSeSy +CpCy  CpSaSy + s¢c,/,:| |: % i| (3)
z —Sp S¢Ch CeCo w

(é 1 Seplo Colo p
il ]l
v 0 sy/co cp/cCo r

Newton’s 2nd law may be applied to derive the dynamics of a
rigid body projectile in flight. The translational dynamics may be
expressed in body-fixed coordinates [13,10,16]

u 17X 0 —-r gq u
HEE 1IN
w miz -q p O w
p N L N 0 —r q7.Tp
R IRl R U
r N —-q p O r

The forces are comprised of aerodynamic and gravity (?B =

?gE[O 0 g17) terms. Moments are solely aerodynamic.

An illustration of the projectile with the body-fixed coordinate
system is provided in Fig. 4.

Aerodynamic angles are computed based on the body-fixed ve-
locity components. The pitch angle-of-attack (or sometimes just
angle-of-attack) is defined below

a sin[ lid :| (7)
o= —_—
Vu? + w2

The yaw angle-of-attack (or sometimes sideslip angle) is

. v
ﬂ=“‘“[ﬁ] ®

The aerodynamic roll angle follows

da =atan[l} (9)
w

Finally, the total angle-of-attack is the root-square-sum of the
pitch and yaw angles-of-attack

G=a? + 2 (10)

Total aerodynamic forces and moments are separated into rigid
and moveable aerodynamic surfaces.

Rigid aerodynamic surface forces include static (linear and non-
linear) and dynamic terms. Symbols in parentheses indicate func-
tional form of aerodynamic coefficients. The dynamic pressure is
Q= %,OVZ and aerodynamic reference area is S = %Dz where D
is the projectile diameter and V is the total velocity

Xg =—QS[Cxy(M) + Cx_, (M) sin® &] (11)

Yp= _QS[CYO(M) + Cyz (M) sin g

+Cy,, (M) sin® B 4 Cy, (M) sina

. pD
Cy,, (M = 12
. 0

Zr = —QS[CZO(M) + Cz,(M)sina
+Cz,5(M)sin® a + Cz, (M) sin B
. ,bD
+Czpﬂ(M)smﬁW} (13)

Rigid aerodynamic surface moments include static (linear and
nonlinear) and dynamic terms. The pitching moment accounts
for a center-of-gravity (CGy) which has been shifted from the
center-of-gravity (CGy,4) used to obtain the aerodynamic data. The
center-of-gravity is measured from the nose and is given in units
of calibers

_ D
LR = QSD[Clo(Maa7¢A38i)+CIP(M)§_V] (14)
MR=QSD|:CmO(M)+Cma(M)Sir1a
.3 qD
+Cma3(M)sm a—i—Cmq(M)W

. . D
+ Cng (M) sin B + iy (M) smﬂg—v}
— Zr(CGNy — CGN,A)D (15)

Ng = QSD|:—C,10(M) — Cny (M) sin g — Cn (M) sin® B
rD .
+ Cmr(M)W + Cp, (M) sina

. pD
+ Cn,e (M) smaﬁ
+ Yr(CGN — CGn,4)D (16)

The following approach may be used to calculate moveable
aerodynamic surface forces and moments for the ith blade. First,
compute local velocity at each blade from center-of-pressure data
(CP, measured in calibers forward of CG), blade geometry (¢u;),
and rigid body states using the equation relating the velocity of
two fixed points on a rigid body,

Vi1 = Ve + @g 1 X TcG—cp, (17)

where Ve = [uv wl', opy =1[pqrl’, and Tegocp =
D[ (CPx(M, éc,) + CGN — CGN.4) CPgcos(¢nm;) CPgsin(¢ui) 1". The
axial and radial center-of-pressure of the moveable aerodynamic
surface is a function of Mach number and lifting surface deflection
angle §;.

Obtain local velocity at each blade in the moveable aerody-
namic surface coordinate system using the transformation matrix:

1 0 0
Tem,=| 0 cos(¢n,)  sin(ém;) (18)
| 0 —sin(¢n;) cos(dm,)
V%i = Tpm VBMi (19)
w%i ] Wi,
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Calculate local blade angle-of-attack from the local velocity in
each moveable aerodynamic surface coordinate system:

Mi

W,
oM = asin[iM' } (20)
M2 M?
Uy Wy

Determine moveable aerodynamic surface aerodynamic coeffi-
cients:

Cx' = CX\ (M, 8) +CX. (M, 8)sin’ ay, (21)
cli=cM, 8) (22)
Cy' = CM (M. &)+ CM (M, 5)sinoy,

+CN L (M, §) sin® oy, (23)
Cin' = Com (M, 87) + Cot (M, 87) sinauy,

+Col L (M, 8) sin® ay, (24)

Compute moveable aerodynamic surface axial and normal force
and roll and pitching moment:

Xy, = —Qu, SCM (25)
Ly, = Qu, SDCM (26)
My, = Qui, SDCM! — Ny (CGy — CGy.a)D (28)

Transform these forces and moments in the moveable aero-
dynamic surface coordinate system to the body-fixed coordinate
system:

_Xﬁli IR XMi
T
y,@i =Tgy, [ 0 } (29)
B .
Lz}, Zu;
i Llledl e LM,'
My | =Thw, [Mmi} (30)
NB 0
- Mi

The flight dynamics are linearized and cast into state space
form for state dynamics (Xf = ApXp + Brur + F¢) and measure-
ments (yr = Crxp + Drur). The nonlinear equations of motion
for projectile flight are linearized by making a few assumptions
[13,3]. Off-diagonal inertia tensor terms are small compared with
the diagonal terms. Gravity and products of dynamic states (i.e.,
u,v,w,p,q,r) are neglected. Total angle-of-attack is small and
aerodynamic normal force and pitching moment trims, as well as
side forces and side moments are neglected so that only linear
terms remain in the aerodynamic model.

The state vector is defined:

xe=I[¢ppqrvwl (31)
The controls are the roll, pitch, and yaw deflections:
Up =[8p 84 81" (32)

The state transition matrix has the form below. The roll angle
dynamics is incorporated by simple integration of the roll rate:

~0 1 0 0 0 0
0 %%qp 0 0 0 0
QsSD D D Cm,
R 0 0 33D L Cing 0 0 mb e
AfF = QSD D p ng (33)
o 0 0 Ty wlm hyo, O
QS QS
0 0 0 Ly, -FHo, o
Lo 0 9y, 0 0 -3¢y,

3 T T T T T .

25+ ’ ]

-
(3]
T

Deflection (deg)
o
13;1 -

e

0F R
05] 1 % |
& 5 Response
1 RE : —— Command
0 0.1 0.2 03 0.4 0.5 0.6 0.7
Time (sec)
Fig. 5. Experimental actuator characterization.
The controls matrix follows
0 0 0
QsD
1ot Cis, 0 0
N QsD
Bp=| ° TCmy O© (34)
QsD
0 0 ~Ty Cns,
0 0 0
0 0 0

The static roll moment appears as a steady-state term which is
independent of the state and control vector:

0
QSD
T o

o o
()

0
0

~ The measurement matrix is simply the identity matrix (Cr =
Igxe) since feedback consists of accelerometers and angular rate
sensors. All states are directly measureable except for roll angle,
which would come from integrating an angular rate sensor or
using magnetometer-only or some combination of magnetometer,
accelerometer, and angular rate sensor in an observer. For this for-

mulation D =0.
2.3. Actuator models

Actuator dynamics are modeled as a first order system with
time delay and bias:

T8(t) +8(t) =8¢ (t —tp) + 88 (36)

This modeling approach is consistent with experimental char-
acterizations of low cost actuation technology as seen in Fig. 5.

The transfer function form of a first order system is used to
represent the first order actuator dynamics:

1/t

Hi(s) = 37
1(8) Py (37)
The Laplace transform of a time delay is provided below

£{s(t —tp)} =e o (38)
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Pade approximants are used to represent the time delay:

Y po Pisk
fr(s)~ = (39)
Zk;o qkS ¢
The transfer function form of the Pade approximant is
PNps"? 4+ + P15+ po
Hp(s) = (40)

ngsNe 4+ qis+1

Multiplying transfer functions yields Eq. (41). Assume that N =
Np=Nj.

Hp1(s) =Hp(s)H1(s)
_ pnsN + -+ pis+ po
TgnsNT + (Tgno1 +qn)sN + -+ (Tq1 +q2)s2 + (T +Hq1)s + 1
(41)

A state space model of the actuator with time delay and first
order dynamics was constructed with the following state vector.

XM x(N=1) x x' (42)

The control for the actuator is simply the deflection command.

§D1=[

Uup1 =dc (43)

Arranging terms in the transfer function provided in Eq. (41)
with the definitions of the state and control vectors produces the
state transition matrix:

- [_an_itan) _anptan-p)  _@Hap 1
Ap1 = TaN TaN N TaN TaN (44)
L INXN Onx1
Likewise, the control matrix can be formed:
N M1
T
Bpy=| "IN (45)
| Onx1
The measurement matrix is provided below (Dp1 =0)
Cr. — [ PN PN-i P po
Cp1= [ Tqn Tqv T TN qu] (46)

The state space model of the actuator with time delay and first
order dynamics is for a given deflection. The flight model features
roll, pitch, and yaw deflections. A comprehensive roll, pitch, yaw
state space model may be constructed by building on the individ-
ual state space model outlined in Eqs. (42)-(46). The state vector
and control vector are composed of three sub-vectors:

v > b > T

XA = [X{)l,p Xlgl,q X—[r)],r ] (47)
o o o 0 T

ua= [ugl,p ulgl,q u—[rJ],r] (48)

The state transition, control, and measurement matrices are as-
sembled below

A _Apip  On+1xN+1 ONt1xN+1

Ar=|Onyixn41 Aprg  ONyixn (49)
LON+1xN+1  ONt1xN+1 Apir

R Bpip Ontixt Ontaxa

Ba=|0Ont1x1 Bpig Ontix (50)
| ONt1x1 Ongix1 Bpir |

. Cpip  Oixnt1 Orxnr

Ca= O1xn+1 - Cpig leN+1 (51)
| O1xN+1 O1xn+1 Cpir |

Fig. 6. Body-fixed and measurement coordinate systems.

2.4. Measurement models

Accelerometers, angular rate sensors, and imagers are the pri-
mary feedback measurements of interest. A schematic of an arbi-
trary sensor at point M with axes oriented relative to the body-
fixed coordinate system is shown in Fig. 6.

The equation for the acceleration of two fixed points on a rigid
body may be used to model the accelerometer off the projectile
center-of-gravity. Integrated sensors suffer from errors in scale fac-
tor, misalignment, misposition, bias, and noise. An expression for
an accelerometer corrupted by these errors can be developed:

. _ rdvB _ _
CG/1 —
f,{;:sMTMB[ /t+w3/,xvgc/,—T§E[o 0 g1"

+ @p/1 X (TcG>M + Ercey) + @81 X Op)1
X (?CG—>M +grccqm)] +§B +§N (52)

Angular rate sensors measure the angular velocity of the body
with respect to the inertial frame in body-fixed coordinates.
A model for angular rate sensors with scale factor, misalignment,
bias, and noise errors is provided.

wp/i.m = SmTmMBWE)1 + €5 + EN (53)

The scale factor matrix for any sensor can be written as the
identity matrix with a scale factor error unique to each orthogonal
axis:

~ 1+eus,, 0 0
Sm= [ 0 1+ewm,, 0 } (54)
0 0 1+ ems,,

The transformation from any sensor axes to the body coordinate
system, including misalignment errors, is given below

Tms
COm+ea ) COUM+eyy)  ~SWmteyy,)  SOm+ea,) Cm+ey,,)
= | COm+eo)SWMteyy)  C@mteyy)  SOM+eay)SWmteyy,)
—S(Om+eay) 0 COm-+eay)

(55)

The bias error of some sensors may feature a term due to the
power-up process and an additional term which drifts in flight and
can be modeled with a Markov process:

€5 =E€po+Ep (56)

The equation for the update of a Markov process follows
(€,1),i = p(€8.1),i—1 + 08,13/ 1 — P2N(0, 1) (57)

t
with the correlation p = e~ ic where ts is the sample time and t,
is the time constant.



180 F. Fresconi et al. / Aerospace Science and Technology 41 (2015) 175-188

Fig. 7. Earth, line-of-sight, and body-fixed coordinate systems.

An imager model can be constructed by first defining the ge-
ometry in Fig. 7 between the Earth and line-of-sight coordinate
systems associated with the inertial frame and the body-fixed co-
ordinate system associated with the body frame.

The relative position of the target and projectile in the inertial
frame is

I 21 I

Tpr =Tor —Top (58)
The angles of the line-of-sight coordinate system with respect

to the Earth coordinate system are

1
;
vl =tan—1< ’;”) (59)

TpT x

I
TpT 2 ) (60)

I 2.1 2
VpTx” TTpry

The transformation matrix from Earth to line-of-sight coordi-
nates may be formed based on the angles between the coordinate
systems.

6 = tan_1<

CoiCy1 —S 1 SyiC 1

- 0"V v TO Y

TLE= Ceis‘/’i C‘/fl 5015101 (61)
_Sei 0 Cel

The velocity of the target with respect to the projectile in the in-
ertial frame is

B B B
T't/p=Tr0 =Tp/0 (62)

The relative position in body-fixed coordinates can be written
given the transformation matrix:

o = TheTbr (63)
Using the relative position in body-fixed coordinates the angles
of the target centroid as seen by a strapdown seeker can be de-

termined. Bias and noise may be added for modeling real-world
measurements:
B
ypP =tan™! (%) +ep+en (64)
TPT x

B
Tpr 2

of :tan”( >+83 +éen (65)

B 2. .8 2
Tprx” +Tpr )y

Angular velocity of the line-of-sight coordinate system can be
derived given the relation [7]:

FpT X fT/p (66)

WL/ = =
2

Substituting the expression for the relative position and velocity
of the target with respect to the projectile in the Earth coordinate
system in the above equation for the angular velocity yields the
angular velocity components of the line-of-sight coordinate sys-
tem:

I e
TprxTT/py —TPT y'T/Px
T 2.1 2
Tprx” T TpTy
I 2,1  2: o T 2, 2
VIPTx” TTpry 1P = TPT 2/ TT/Px" TPy

3
6l = (68)
L I 2, 2., 2

Tprx~ +7Tpry~ +7pr,

vl = (67)

Transforming the line-of-sight rates to the line-of-sight coordi-
nate system and incorporating bias and noise errors characteristic
of a practical imager yields the following expressions:

QLL =élc¢/£ + IHSQLISW + &g+ €N (69)

Y= !HC(;Z +ep+en (70)
2.5. System models

Combined flight and actuator linear system dynamics models
are provided for simulation and control design. The state and con-
trol vectors are made up of the flight and actuator with time delay
and first order dynamics as derived earlier:

xar=[x0 %] (71)
ugr =[ul ut ]’ (72)

The state transition matrix is composed of the flight and actua-
tor state transition matrix and an additional term in the top-right
of the matrix due to the coupling as given in Eq. (73):

- A BrC
App=|- T A (73)
O3(n+1)x6  Aa

The coupling reduces the controls matrix to the following equa-
tion. The top-left portion of the matrix is a block of zeros since the
coupling has picked off the controls matrix for the flight model:

= 0 0
BAF —| . 6x3 EX3 (74)
O3(v+1)x3  Ba

The FA F vector is a concatenation of the Fr vector followed by
a row of zeros the length of x,4. Lastly, the measurement matrix
for the system is provided

Cor = Cr O6x3(N+1) (75)
036 Ca

Another useful linear system model is for the flight dynamics
and first order actuator dynamics without time delay. The state
vector for this system is defined:

Xri=[¢ p g r v ow & & &I (76)
The control vector is given below

up1=[dcp dcq dcrl (77)

The state transition matrix is formed based on the dynamic
modeling performed above:
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0 1 0 0 0
QSD D
0o %Lra, 0 0 0
QSD D
0 0 52 2 Cing 0 0
QSD D p Cn
R 0 0 0 2y Cm, TR
AF1 = Qs Qs ~
0 0 0 +Cyp —mv Cvs
0 0 By, 0 0
0 0 0 0 0
0 0 0 0 0
L0 0 0 0 0
0 0 0 0 A
SD
0 &Lc, 0 0
D Cmg QSsD
T 0 T Cmy O
0 0 0 -2,
0 0 0 0 (78)
QS
~%¢c,, o] 0 0
0 = 0 0
1
0 0 - 0
0 0 0 -1

Tr

The control matrix takes the following form

[06x1 Opx1 Opx1
~ g_p 0 0
Br1= 0 1 0 (79)
q
1
0 0 o
Again, the static roll moment is included:
0
- QSD
Fri=| Ty Clo (80)
L 07x1
Finally, the measurement matrix is shown:
= [lews O
Cr1 = 16x6 AGX3j| (81)
L 03x6 O3x3

3. Guidance and flight control

The proportional navigation law with gravity compensation is
given below in body-fixed components. This equation is one rep-
resentation of the proportional navigation family of guidance laws;
there are many different variants in the literature [21].

ac’ I U

al? | =NgVcTheTig | Vi |+Th| O (82)
Zp oL —8

ag L

In practice, only lateral acceleration can be altered with aero-
dynamic control, range-rate measurements or heuristics supply the
closing velocity, angular rate sensors or magnetometers supply at-
titude, and an imager or spot detector provide the line-of-sight
rates.

The linear system model without time delay that was derived
earlier can be used for control purposes. Ihe state space model
gan Ize deﬁne(iwitb §=§F1, E:Em, A= AF1, B = B}:l, F = F;:],
C=CFq,and D = Dp1.

The nonlinear measurement models outlined above can be uti-
lized to express the six feedback states.

y=[om wsum fE@ -fEB) ]T (83)

For this problem the desired response is to regulate the roll an-
gle to any of four angles determined by symmetry (based on flying
skid-to-turn in an “X” configuration), maintain zero roll rate, pitch
rate, and yaw rate, and achieve the lateral accelerations dictated by
the guidance law. Mathematically, the reference signal is expressed
as

r=[0 0 0 0 a® —aZ| (84)

Manipulation of the roll angle error signal is accomplished by
the following function to ensure that the roll angle is controlled to
the closest symmetry location

{ (pm modulo ) — . if ¢y modulo w <
€¢ =

—(¢m modulo %) + % if ¢y modulo w > (85)

NETEH

A variety of control techniques may be applied given the lin-
ear actuator and flight dynamics, measurement models, and feed-
back control structure presented. A linear quadratic regulator, de-
rived using optimal control theory, was chosen [4]. In the linear
quadratic regulator development, the control command is based
on minimizing a cost function:

]5ﬂv@+wﬁmr (86)
0

The weightings for the tracking error Q and control effort R are
positive semi-definite and allow the designer to balance tracking
each desired state with specific control demand. The control law
that minimizes the cost function is

u=—Kx (87)

The gain matrix can be found through the control effort weight-
ing, the controls matrix, and the matrix P:

K=R'BTP (88)

The P matrix is obtained by solving the algebraic matrix Ric-
catti equation:

ATP+PA—PBR'BTP+Q=0 (89)

Delays between the time of commanded control and when the
effect of control is realized in the system dynamics occur due
to a variety of physical processes and can add significant diffi-
culty to the control problem. Additionally, the time delay magni-
tude may be higher when utilizing low cost technologies, such as
commercial-off-the-shelf servomechanisms. The Smith predictor is
a control strategy for dealing with time delays [17]. A block dia-
gram of the Smith predictor algorithm for the projectile problem is
given in Fig. 8. The linear system model without and with time de-
lay are used in augmenting the feedback system and the nonlinear
actuator, flight, and measurement models represent ground truth
in simulation. Measurements are a function of the flight states and
controls.

The basic idea of the Smith predictor is that a model of the
system dynamics with time delay can be used to negate the true
system dynamics with time delay. Controllers that do not inher-
ently consider the time delay (such as the linear quadratic regu-
lator) can then be applied since the resulting feedback signal has
the time delay effectively removed.

The linear system models without and with time delay are
propagated forward in time in implementation of the Smith pre-
dictor. Feedback is altered by the following equation

U=K(YF1+ym—Yar—T1) (90)
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Fig. 8. Smith predictor.

Fig. 9. High maneuverability airframe.

Table 1

Mass properties.
Property I Unit o Unit
D 0.083 m 0.12 %
CGn 0.285 m from nose 0.12 %
L 0.427 m 0.12 %
m 2.65 kg 0.41 %
Ixx 0.0034 kg m? 0.88 %
Iyy =17z 0.0388 kg m? 0.71 %

Table 2

Aerodynamic data at Mach 0.65 for CGy 4 = 0.264 m from nose.
Property nw Unit o Unit
Cx, 0.366 - 0.86 %
Cy, =Cg, 10.314 1/rad 1 %
Cny = Cmg —5.642 1/rad 2 %
Cy 0.0889 - 5 %
C,P —11.384 - 5 %
Cmy =Ca, —88.820 - 15 %
CPx 1.459 calibers forward CG 2 %
CPg 0.781 calibers from spin axis 2 %
cM 0.0042 - 0.86 %
CI’VP —1.075 1/rad 5 %
clr 1377 1/rad 1 %
M 2.010 1/rad 2 %

4. System characteristics

Models for the actuator, flight, and measurements are driven
by input system characteristic data. Performing simulations with
appropriate mean and uncertainty in the system characteristics is
critical to assessing guided flight performance. An illustration of
a fin-stabilized, canard-controlled projectile housing the required
sensors is presented at the top of Fig. 9.

The mass properties (mean and uncertainty) of this projectile
are given in Table 1.

The launch and flight is subsonic. Some aerodynamic data for
this airframe, as obtained from computational fluid dynamics sim-
ulations at Mach 0.65, is provided in Table 2.

Table 3

Actuator properties.
Property " Unit o Unit
T 0.015 sec 20 %
tp 0.030 sec 20 %
g - - 1 deg

Table 4

Measurement properties.
Property o Unit
€6y = &y, (integrated misalignment) 0.5 deg
Ereey (accelerometer) 0.0005 m
&M, (accelerometer) 1.0 %
eg,0 (accelerometer) 1.0 m/s?
&N (accelerometer) 0.1 m/s?
&M (gyroscope) 21 %
£g,0 (gyroscope) 0.016 Hz
en (gyroscope) 0.016 Hz
ep (imager boresight angles) 10 deg
ep (imager boresight angular rates) 0.0016 Hz
en (imager boresight angular rates) 0.00016 Hz
ep (closing velocity) 0.1 m/s

Table 5

Launch variation.
Property o Unit
] 27 (uniform) rad
6 0.004014 rad
v 0.005411 rad
v 3.7 m/s
p 0.16 Hz
q 0.16 Hz
r 0.16 Hz
Target position 2.0 m
Target velocity 0.5 m/s

Actuator parameters given in Table 3 are representative of low
cost, high volume manufactured servomechanisms. The update rate
of the actuator was 500 Hz.

Feedback measurement characteristics are given in Table 4.
Feedback update rate was 1000 Hz.

The variation in the initial conditions of the projectile and tar-
get are provided in Table 5. The target was modeled as a constant
velocity, straight-line motion.

The controller parameters, found via stability analysis and tun-
ing in the linear and nonlinear simulations are given in Table 6.
The update rate of the flight controller was 500 Hz.

5. Results and discussion

The theory for the flight, actuator, and measurements were
implemented in simulation to assess multidisciplinary cost-perfor-
mance drivers and demonstrate how control algorithms may be
used to reduce the actuator burden.

A stability analysis was undertaken. The eigenvalues in Fig. 10
were shaped for desired performance with the linear flight and
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first order actuator model and system characteristics provided ear-

Table 6
Controller properties. lier. Inspection of the controlled and uncontrolled (ballistic) data
Property Value illustrates how the control increases the damping and frequency
R 10 of the response. This airframe is statically unstable therefore the
Qw 0.05 uncontrolled response has positive real roots.
Q 100 Linear simulations were performed to assess ballistic flight be-
Q 0.05 havior and further tune the flight controller for the desired per-
% }8 formance. The flight control algorithm was implemented in simu-
s 08 lation. The results in Figs. 11-13 show performance of the linear
Qw 0.8 quadratic regulator for a time delay of zero with nominal initial
conditions.
The roll dynamics and control demand are provided in Fig. 11.
200 ‘ ‘ . Inspection of the roll angle data illustrates the achieved roll an-
gle, the roll error signal and the desired roll signal. The roll angle
150 . error signal has been manipulated as outlined previously to main-
tain configuration symmetry of the moveable aerodynamic surfaces
100+ . ] (i.e., the error is not the difference between the achieved and de-
sired signals as shown in the plot). The roll rate plot provides sim-
S0 i ilar data (desired, achieved, error). The commanded and achieved
(based on actuator dynamics) roll deflection angle is also given.
(0] x o x-0Q 000 . . . A . .
Overall, this control design yields satisfactory roll response with
50t | reasonable control effort. Adequate control of the roll dynamics is
necessary for proper pitch and yaw control.
100+ * § Fig. 12 shows the pitch dynamics for a desired pitch accelera-
P tion of 50 m/s%. Pitch deflections oscillate initially to sufficiently
© Ballistic . . L
-150+ . damp angular rate. The desired pitch acceleration is tracked to less
x  Controlled 2 L
than 1 m/s= error by deflecting in pitch to about 5 deg.
-200 : ‘ ‘ : A Monte Carlo study was performed to assess the influence
-200 -150 -100 -50 0 50 .. - -
Real of system uncertainties on the controlled flight performance with
tp = 0. The initial conditions, mass properties, aerodynamic co-
Fig. 10. Characteristic values of linear system dynamics. efficients, actuator characteristics, and measurement errors were
50 .
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Fig. 11. Linear roll system dynamics response and deflection commands (linear quadratic regulator control with tp =0).
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Fig. 12. Linear pitch system dynamics response and deflection commands (linear quadratic regulator control with tp = 0).

varied according to the parameter distributions supplied earlier.
Linear simulations were run for each Monte Carlo trial for 1.5 s
and the error between the desired and achieved state were tab-
ulated. The mean (shown in solid circle) and +/— standard de-
viation (shown in “X") of these errors is given in Fig. 13. Differ-
ent colors in the figure represent different states. The error bud-
get for the system uncertainties was scaled by different factors
(0.1,1,2,3) for trend analysis. With the exception of roll angle,
the mean controlled state errors do not vary much. Roll angle is
biased about 1-2 deg due to the fin cant. This effect could eas-
ily be accounted for with some feedforward action. The standard
deviation of the errors for all states but roll, pitch, and yaw rates
grows linearly with the error budget factor. The angular rate errors
are low since the control is effective and damping moments are
active.

The pitch dynamics are isolated to investigate the effects of
time delay. Linear simulations were performed with a non-zero
time delay. The unstable behavior of the linear quadratic regu-
lator for non-zero time delay is evident in Fig. 14. Commanded
pitch deflections oscillate back and forth at the saturation lev-
els and produce poor tracking in pitch acceleration and pitch
rate.

The value of modeling the system dynamics with time delay
in the controller is apparent when using the Smith predictor. The
Smith predictor was implemented in simulation and linear results
with non-zero time delay are provided in Fig. 15. Augmenting the
linear quadratic regulator with the Smith predictor yields a satis-
factory system response, especially when compared with the data
in Fig. 14. The desired pitch rate and pitch acceleration is met with
reasonable pitch deflection commands.

10 T
5
¥ ° ° X ° i
oF o "uf: Py Jane ]
x { .
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5l ° ep (HZ)
* €Eq (Hz)
* €Ep (HZ)
° ¢ (m/sz)
®* €4 m/s
ol e tn/)]
-1 0 1 2 3 4
Factor

Fig. 13. Linear system simulation — Monte Carlo response trades. (For interpretation
of the references to color in this figure, the reader is referred to the web version of
this article.)

Nonlinear system simulations were conducted to further inves-
tigate the flight control and demonstrate guidance performance
against moving targets. The projectile was launched at sea level
and muzzle velocity of 250 m/s with the target initially located
along the line-of-fire 1000 m downrange. The target was moving
5 m/s in the crossrange direction. In addition to the aerodynamics,
mass properties, actuator, and feedback measurement characteris-
tics perturbed in the linear Monte Carlo simulations, the atmo-
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Fig. 18. Nonlinear system simulation

sphere (e.g., density, sound speed, wind magnitude and direction)
was also varied in nonlinear system simulations.

A sample Monte Carlo trajectory with system characteristics
outlined previously is provided in Fig. 16. The projectile (solid line)
maneuvers toward the target (dotted line) with a small point-of-
closest-approach. The target moves about 25 m in crossrange over
approximately 6 s of projectile time-of-flight. The projectile does
not decrease much in Mach over the 5 s flight. The angles-of-
attack, dictated primarily by the desired lateral accelerations from
the guidance law, are less than 5 deg and well within the bounds
of the high maneuverability airframe.

The performance of the roll, pitch, and yaw control in the non-
linear simulations is provided in Fig. 17. The desired, achieved, and
measured (i.e., corrupted truth) states are given in the relevant
plots for all nonlinear system simulations. Measurement corruption
(e.g., noise) typical of low cost devices is evident when comparing
measured and truth data. Both roll angle and roll rate feature good
response. Pitch and yaw rates are controlled to near zero as desired
which is within the measurement uncertainty. Comparing the de-
sired pitch and yaw accelerations, computed from the proportional
navigation guidance law with errors in the line-of-sight rate esti-
mates, and the achieved and measured pitch and yaw accelerations
shows errors less than 1 m/s? error of the majority of flight. The
feedback measurement noise illustrated in the plots could be mit-
igated with an estimation algorithm such as a Kalman filter.

The roll, pitch, and yaw deflection commands are turned into
individual moveable aerodynamic surface commands as outlined
earlier. The individual commands and truth response are provided
in Fig. 18. Roll deflection angles were about 1 deg to counteract the
fin cant after the initial roll control action near launch. The deflec-
tions are larger near launch due to initial control action and vary
slowly with amplitudes under 5 deg throughout flight. Amplitude
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Fig. 19. Nonlinear system simulation - Monte Carlo miss distance.

increases sharply just prior to intercept. Overall, modest deflections
are necessary to achieve the desired pitch/yaw rates and pitch/yaw
acceleration response. Measurement errors (mainly noise) propa-
gate through the controller and appear as high frequency variation
in the canard commands. Filtering could be applied if these effects
were harmful to overall performance.

A batch of 100 Monte Carlo flights were simulated and the
point-of-closest-approach was tabulated. Overall, 94% of the pro-
jectiles flew within 0.1 m of the moving target. A histogram of the
flights within 0.1 m of the target is provided in Fig. 19. Implement-
ing the theoretical models outlined above in simulation with the
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Fig. 20. Nonlinear system simulation - Monte Carlo miss distance trades.

current characteristics for this GNC system yields miss distances
often less than 0.02 m.

Monte Carlo trials were performed in the nonlinear system sim-
ulation to quantify the relationship between guided performance
and system uncertainties. Again, the parameter distributions out-
lined above were used in the simulations. All uncertainties were
scaled by a factor to illustrate trends. Monte Carlo simulations
were conducted by isolating each parameter category (e.g., initial
conditions, mass properties) and also running all parameter errors
together.

These results are provided in Fig. 20. Comparing the initial con-
dition only cases with the all parameter error cases suggests little
contribution from initial condition variations. Miss distance will be
influenced by initial conditions if the combination of targeting and
fire control are so poor that the projectile cannot physically inter-
cept the target.

Mass properties and aerodynamics uncertainties do not greatly
contribute to the overall miss distance. Indeed Monte Carlo cases
were able to be run with 6 times the nominal error budget for
these categories without appreciable changes in the miss distance.
Intolerance of the miss distance to these parameters is due to
the nature of the feedback control strategy and the magnitude of
round-to-round physical (mass and aerodynamics) variability.

Miss distance is also not driven by the actuator characteristics
and variability for this system. Miss distances for the actuator only
cases are relatively small compared to the all parameter cases. Ad-
ditionally, miss distance does not vary significantly even when the
nominal actuator variability is scaled by a factor of 3.

Measurement errors are the main contributor to miss distance.
Monte Carlo miss distances for the measurement only and more
specifically the line-of-sight rate errors are similar in magnitude
to the all parameter cases. These results suggest proper measure-
ment design (e.g., sensors, electronics) is critical to guided system
performance.

6. Conclusions

This paper hypothesized that projectiles can be guided using
low cost technologies by accommodating poor sensor and actua-
tors with algorithms and performing high fidelity multidisciplinary
modeling and simulation with realistic input data. The nonlinear
equations of motion for projectile flight and aerodynamic modeling
were presented. Actuator dynamic modeling was performed. Non-
linear measurement models were discussed. Flight model states

were manipulated to simulate the response of accelerometers, gy-
roscopes, and imagers necessary for guidance and flight control.
Manipulation of these nonlinear models into linear system mod-
els were undertaken for airframe characterization and control de-
sign. A framework for guidance and flight control was built. This
paper developed a suite of high fidelity model-based flight con-
trollers. Algorithms were designed specifically to facilitate low per-
formance hardware such as actuators with significant time delays
(Smith predictor). Practical system characteristics were provided
to conduct realistic multidisciplinary simulation and identify cost-
performance drivers.

The theory and guidance and flight control strategy was imple-
mented in simulation to illustrate essential features of low cost,
high maneuverability GNC systems. Results supported the hypoth-
esis by showing that controlled performance can be drastically im-
proved by designing algorithms which explicitly consider low cost
components. Monte Carlo analysis of multidisciplinary modeling
and simulations suggested that measurement errors drive guided
performance.
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