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In this paper, a characteristic model based longitudinal control design for the trans-aerosphere vehicle
X-34 in its transonic and hypersonic climbing phase is proposed. The design is based on the dynamic
characteristics of the vehicle and the curves it is to track in this climbing phase. Through a detailed
analysis of the aerodynamics and vehicle dynamics during this climbing phase, an explicit descrip-
tion of the tracking curve for the flight path angle is derived. On the basis of this tracking curve, the
tracking curves for the two short-period variables, the angle of attack and the pitch rate, are designed.
An all-coefficient adaptive controller is then designed, based on the characteristic modeling, to cause
these two short-period variables to follow their respective tracking curves. The proposed design does
not require multiple working points, making the design procedure simple. Numerical simulation is per-
formed to validate the performance of the controller. The simulation results indicate that the resulting
control law ensures that the vehicle climbs up successfully under the restrictions on the pitch angle

and overloading.

trans-aerosphere vehicle X-34, climbing phase, characteristic modeling, adaptive control, robustness

1 Introduction

The X-34, designed and built by the Orbital Sci-
ences Corporation, is an unmanned sub-orbital ve-
hicle designed for use as a flight test bed to demon-
strate key vehicle and operational technologies ap-
plicable to future reusable launch vehicles. The X-
34 is to be air-launched from an L-1011 carrier air-
craft at approximately a Mach number of 0.7 and
an altitude of 11 km, where an onboard engine will
accelerate the vehicle to speeds above Mach 8 and
an altitude of 80 km. An un-powered entry will
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follow, leading to an autonomous landing. When
claiming in the atmosphere, the trans-atmosphere
vehicle usually experiences a very quick climbing
process with sharp changes in its speed and alti-
tude due to the immense engine power, frequently
causing the aerodynamic characteristics, lift effi-
ciency and helm efficiency of the vehicle to change
rapidly. In the mean time, a large amount of fuel
has to be carried by the vehicle and will be rapidly
consumed in the climbing process. This results in
the rapid changes in the weight, center of gravity
and moment of inertia of the vehicle. All these
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changes will affect the steering stability and the
dynamic responses of the vehicle considerably!' =3l

In this paper we are concerned with the char-
acteristic analysis and control law design for the
trans-atmosphere vehicle X-34 in the high altitude
and high speed climbing phase (from Mach 2.5 to
Mach 7.2). This is different from the control of
ordinary aircraft due to the extremely low air den-
sity in the high altitude. An analysis of the vehicle
dynamics and various aerodynamic data indicates
that several difficulties arise in carrying out such a
task. 1) After the powered and un-powered ascend-
ing in the climbing phase, the altitude is required
to be higher than a predetermined value imposed
by the surface thermal insulation material property
and the speed is constrained by the vehicle struc-
tural property. Thus the coordination between the
altitude and the speed is a challenge. 2) A close
examination of the dynamic model of the vehicle
reveals that the air dynamic pressure, as the con-
trol coefficient of the speed and the flight path an-
gle, decreases rapidly as the air density decreases
rapidly during the high altitude and high speed
climbing phase, making these two long-period vari-
ables hard to control. 3) The climbing control of
the vehicle will have to be achieved by appropriate
control of the short-period variables. 4) The rapid
changes of the aerodynamic characteristics in the
climbing phase, in a strong nonlinear fashion, make
it extremely difficult to identify the aerodynamic
parameters and the consequent analytic expression
of the dynamic, which are crucial for modern con-
trol designs.

There have been few papers on the climbing con-
trol of trans-atmosphere vehicles. In ref. [3], the
authors investigated the control problems under
the flight conditions of Mach 0—4 and altitude of
040 km. Using classical control approaches, the
climbing objective is achieved by selecting differ-
ent working points, designing inner and outer loop
PID control laws, and parameter tuning. However,
the authors did not describe the method for de-
signing the tracking curves.

The objective of this paper is to investigate the
characteristics of the trans-atmosphere vehicle X-
34 in the climbing phase at the supersonic and hy-

personic speeds (from Mach 2.5 to Mach 7.2) and
to design the tracking curves and the longitudinal
control laws. By a careful analysis of the aerody-
namic data and the vehicle dynamics in the high
altitude and high speed climbing phase, we pro-
pose a method for designing the flight path angle
tracking curve and draw the conclusion that the
long-period variables cannot be directly controlled
in this phase, laying the foundation of our climbing
control design. More specifically, based on these re-
sults, we design the tracking curves for the angle
of attack and the pitch rate and a characteristic
model based all-coefficient adaptive control law for
these two short-period variables. A salient feature
of our control design is that it does not require mul-
tiple working points, which significantly simplifies
the design process. Simulation results show that
our design achieves the climbing objective under
the constraints on the pitch angle and overload.
Characteristic model based all-coefficient adap-
tive control was proposed by Wul*?l in 1980s.
Significant progresses in both theories and appli-
cations as well as its integration with adaptive
control design have been made in the past two
decades!*~!.
coefficient adaptive control is aimed at designing
engineering-oriented adaptive control, which does
not depend on the explicit dynamic model of the
system and requires to identify and adapt only a
few parameters. Such an approach can guarantee
the transient performance of the closed-loop sys-

The characteristic model based all-

tem and hence overcome the practical difficulties
in the implementation of adaptive control laws!®.
Many successful applications of the characteristic
model based all-coefficient adaptive control have
In particular,
its application in the reentry adaptive control of
a manned spaceship achieves an accuracy of the
parachute-opening point that is among the most
accuratel6l.

been found in various industries.

The remainder of the paper is organized as fol-
lows. Section 2 recalls some preliminaries and de-
scribes the problem to be solved in the paper. Sec-
tion 3 describes the design of tracking curves. Sec-
tion 4 presents the design of the control law. Sec-
tion 5 includes the simulation results. Section 6
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draws a brief conclusion to the paper. The nomen-
clature used in the paper is listed in Appendix.

2 Preliminaries and problem description

We will investigate the characteristic model based
climbing control design for the trans-atmosphere
vehicle X-34. In this section, we will first briefly
describe the operation of the vehicle, its control in-
put, its dynamic model and the aerodynamic mod-
eling. We will then review the characteristic model
based all-coefficient adaptive control method. Fi-
nally, we will describe the climbing control problem
we are to solve in this paper.

2.1 The trans-aerosphere vehicle X-34

As detailed in refs. [1, 2], the X-34 is an un-
manned sub-orbital vehicle designed to be used
as a flight test bed to demonstrate key vehicle
and operational technologies applicable to future
The X-34 is to be air-
launched from an L-1011 carrier aircraft at ap-
proximately Mach 0.7 and an altitude of 11 km,
where an onboard engine will accelerate the vehi-
cle to speeds above Mach 8 and an altitude of 80
km. An un-powered entry and landing will follow.
The X-34 will be powered by a “Fastrac” rocket
engine, which is designed for a nominal thrust of

reusable launch vehicles.

240 kN and is expected to have a thrust vector-
ing capability of £15° in the pitching plane. The
aerodynamic control surfaces are elevons, a body
flap, an all-moving vertical tail, and a tail-mounted
speed brake. The amplitude and change rate of the
elevons are constrained within —30-20 degrees and
+60° /s, respectively. The vehicle also features re-
action control system (RCS) for roll and yaw con-
trol. The aerodynamic parameters and the descrip-
tions of the rapid changes of the center of grav-
ity, mass and moment of inertia are all from refs.
[1, 2]. The rotation of the earth has to be taken
into account in modeling vehicles at speeds higher
than Mach 3. We adopt the WGS84 model for the
earth and acceleration of gravity!'”), which takes
into account the differences among various sea lev-
els at different places, in constructing our simu-
lation model for the vehicle at hypersonic speeds.
The longitudinal dynamics of the vehicle is repre-

sented byl

. P - D
= — 7{2 sin~y + cosa +wirsiny, (1)
. W \% L Psina+ L
= — — cos
7 Vrz  r 7 mV
2
%t wgT COS’V’ 2)
174
h =V sinv, (3)
M,
. 4
= (4)

where the variables Vv, h, ¢ and « are respectively
the velocity, flight path angle, altitude, pitch rate
and angle of attack of the vehicle, L,D and M,
are respectively the lift, drag and pitching moment
defined as

L= pVQSCL,

D= pVQSCD,

[ NI S R

My = 2pVQSECM,

Cr,Cp,Cy and C are respectively lift coefficient,
drag coefficient, pitching moment coefficient, and
the total aerodynamic coefficient in the Z direction
of the body coordinate system and are defined as

C,=CLB+CLDE+ CLBF,
Cp=CDB+CDDE + CDBF,
Cy;= —Crcosa—Cpsina,

Cy = CMB +CMDE + CMBF + ;‘q/ CMQ
C,(XCG — CGREF)

— 9

c
r = h+ Rg, and finally the parameters u, wg, m,

P, I, p, S, ¢ Rg, CLB, CLDE, CLBF, CDB,
CDDE,CDBF,CMB,CMDE, CMBF, CMQ,
XCG and CGREF are as defined in Appendix.

2.2 Characteristic model based all-
coefficient adaptive control

In the design of a characteristic model based all-
coefficient adaptive control law, a characteristic
model of the plant to be controlled is first estab-
lished, and based on this characteristic model, all-
coefficient adaptive control is designed.

2.2.1 The characteristic model. The key idea of
the characteristic modeling is to model the plant
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based not only on the dynamic characteristics of
the plant but also on the control performance re-
quirements. A characteristic model has the fol-
lowing important features. 1) Same input leads
to same output for the plant and its characteris-
tic model. 2) The specific form and the order of a
characteristic model mainly rely on the control per-
formance requirements. 3) The structure of a char-
acteristic model is simpler than that of its original
dynamic equations, and thus is more convenient in
engineering applications. 4) It is essentially dif-
ferent from the conventional reduced-order model,
and it compresses the information of the system dy-
namics into several characteristic variables. Within
the bandwidth of the control system, no informa-
tion is lost.

According to the requirements of the control
problem at hand, the characteristic model for each
variable of the X-34 vehicle is described by the fol-

lowing time-varying difference equation:
y(k+1) = fi(k)y(k) + f2(k)y(k — 1)

+ fa(k)u(k), (6)
where u(k) and y(k) denote respectively the input
and output of the system, and the time-varying
coefficients fi(k), fo(k) and f3(k) belong to the
convex set

fi
D, = f2
f3
—0.9999 < fy < —0.5134,
0.9196 < f1 + f2 < 0.9999,

€ R%:1.4331 < f, < 1.9974,

0.003 < f3 < 0.3 %, 7

which was derived in ref. [12].

The coefficients
of a characteristic model are constrained to cer-
tain ranges. This is a key feature of the charac-
teristic model based all-coefficient adaptive control
design. It is reasonable, and necessary indeed, in

2.2.2 Parameter identification.

any engineering application to impose constraints
on system and design parameters. In our applica-
tion in hand, we will use the weighted least squares
method to identify the parameters f;, fo and f3

and then map them onto the convex set D,. De-
note the mapped images by fl, f2 and fg, respec-
tively. Here we adopt a direct mapping approach.
If the identification result dose not belong to the
convex set Dy, then fl, fg and fg take values cor-
responding to the boundary point of D, that has
the shortest distance from the point corresponding
to the identified results.

2.2.3 All-coefficient adaptive control and its
stability. The characteristic model based all-
coefficient adaptive control can be designed as fol-
lows:

u(k) = uo(k) + (k) + wi (k) + un(k),  (8)
where ug(k), ug(k), u, (k) and wu,(k) are respec-
tively referred to as the tracking controller, the
golden-section controller, the logic integral con-

troller and the logic differential controller and are
given by

alle+ 1) = Ry (k) = Fallypn(k = 1)

uo(k) = |
) fs(k)
e (k) = ~Lfi(k)e(k) —l: lofo(k)e(k — 1),
fs(k)
(k) = w(k = 1) = ke(k),

uD(k) = —kDE(k),

e(k) = y(k) — yu(k), yn(k) is the tracking target
function, [, = 0.382, [, = 0.618,

§ :{/@n, if e(k)(e(k) — e(k
" ke, if e(R)(e(k) — e(k
ko = co ZD: le(k)|

and finally, k3 > ko > 0, ¢, > 0, I, > 0 are
constants.

)) >0,

(k-1

(k
(k

or ¢, ZeQ(kz) ,

Jj=0

It is proven in ref. [9] that this adaptive con-
troller guarantees the transient property and the
robust stability of the resulting closed-loop system.
It is easy to tell that all-coefficient adaptive control
is essentially different from conventional adaptive
control in that the identified parameters are the
coefficients of the characteristic model and are in-
dependent of the forms of unknown parameters of
the system dynamics. As a result, the constraints
on the forms of the unknown parameters in the
nonlinear adaptive control diminish.
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2.3 Problem formulation: climbing con-
trol of the X-34 vehicle

We consider in this paper the design of a longitu-
dinal climbing controller for the trans-atmosphere
vehicle X-34. A detailed analysis of various vehicle
dynamics and aerodynamics data during the climb-
ing process shows that the high altitude and high
speed climbing phase of 25 km (Mach 2.5) to 72 km
(Mach 7.2) is different from that of 7 km (Mach 0.7)
to 25 km (March 2.5). Its control strategy is also
different from that of conventional aerial vehicles.
According to refs. [1, 2], a typical flight trajectory
of the X-34 is given by

h(t) = 10M(t), t<200s, (9)
where h(t) is the altitude (in km) of the vehicle
at time ¢ (in second), M (t) is the speed (in Mach
number) of the vehicle at time ¢, h(ty) = 25 km,
M (ty) = 2.5 Mach, h(200) = 72 km, M (200) = 7.2
Mach, and t, will be specified later. During the
flight, the pitch angle is limited to below 35° and
the overload is less than 2.

For simplicity in the design, the constant thrust
is assumed to be in the direction of the body of the
vehicle. An analysis of the aerodynamics indicates
that the largest moment is obtained at —15° of
body flap. The body flap is fixed at —15°. Physical
limitations impose that the elevons are constrained
within —30° and 20° in amplitude, and £60°/s in
rate.

3 Design of tracking curves

In this section, we derive the formula for calculat-
ing the tracking curve of the flight path angle. This
is done by analyzing the dynamic model of the ve-
hicle and various aerodynamic data. In doing so, a
conclusion is drawn that the long-period variables,
i.e., the speed and the flight path angle, are not
directly controllable in the high altitude and high
speed climbing phase. Based on these results, the
tracking curves of the angle of attack and the pitch
rate are designed.

3.1 Design of the speed tracking curve

By analyzing the data of u/r?, P/m and D/m in
the dynamic model (1), the term D/m is found to
be only approximately 1/50 of the other terms on

the right-hand side of the equation when the an-
gle of attack is within the range between 5° and
10° and the altitude is greater than 40 km (speed
higher than Mach 4). That is, the control input
hardly has any effect on the derivative of the speed.
In other words, the speed is not directly control-
lable at a high altitude. At an altitude between 25
km (Mach 2.5) and 40 km (Mach 4), the term D/m
assumes higher values, but is still negligible. Moti-
vated by this observation, we will design the speed
tracking curve backwards from time ¢t = 200 s by
curve fitting according to the open-loop character-
istics of the vehicle to achieve the predetermined
speed at t = 200 s. The resulting speed ascending
curve is illustrated in Figure 1.

It is seen in Figure 1 that it takes 90 s for the
speed to accelerate from Mach 2.5 to Mach 7.2.
Therefore, the initial values in the our design are
set as: the initial time when the engine starts is
110 s and the initial speed and altitude are Mach
2.5 and 25 km, respectively.

2200

2000 |
1800 +

1600

\/

= 1400+
1200
1000 F

800 ¢

600 RS N S
110 120 130 140 150 160 170 180 190 200
Time (s)
Figure 1 Comparison between the designed speed curve (in

circled-line) and the straight speed ascending line (in solid line).

3.2 Design of the tracking curves of the
altitude and the flight path angle

The altitude tracking curve is readily obtained
from the control objective in (9) and Figure 1. We
next consider the design of the tracking curve of
the flight path angle v by the dynamic model (3)
and the tracking curve of the altitude.

When the altitude is higher than 40 km, the
third term D/m on the right hand side of (1) can
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be neglected and, according to refs [1, 2], the angle
of attack « is between 5° and 10°, for which cos «
approximately equals 1. Therefore, eq. (1) can be
simplified to

V= :L — 7'?2 sin . (10)

In view of the fact that the variation of the speed
of sound a is far smaller than that of the vehicle
speed, we assume a to be a constant for simplicity,

that is,

v
M=
a
from which we have
="
a
Recalling that A = 10M, we have
.10V
h = OV.
a
In view of (3), that is,
h =V sin v,
we have .
V =10"" x aV sin~. (11)

It then follows from (10) and (11) that
P el -1 .
_— (7’2 +107" x aV) sin . (12)

At an altitude between 25 and 40 km, the third
term D/m in (1) is approximately 1 and can no
longer be neglected; thus

Py (“2 +107" x aV) siny.  (13)
m r

The thrust in the climbing process is known.
With given mass, speed and altitude of the vehi-
cle, the tracking curve for the flight path angle ~
can then be obtained from (12), (13) and the speed
tracking curve as shown in Figure 1. The resulting
tracking curve for the flight path angle is as shown
in Figure 2.

Similar to the discussion on (1), by analyzing
(2), it is seen that 7 cannot be directly controlled
in the considered range of the climbing phase. In
particular, between 166 and 200 s, + is approxi-
mately —0.12°/s. The tracking curve for ~ after
time t = 166 s thus needs to be revised accord-
ing to this value, as will be done in our simulation
later.

32
30 F
o 28
=
5 26}
g
2 24 :
=
22t /
—
2!' i L + K 4 i i L
110 120 130 140 150 160 170 180 190 200

Time (s)

Figure 2 The tracking curve for the flight path angle .

3.3 Design of the tracking curves for the
angle of attack

As observed before, the two long-period variables,
the speed and the flight path angle, are not directly
controllable at high altitude and high speed condi-
tions and need to be controlled through the short-
period variables, the angle of attack and the pitch
rate. According to the practical requirements, we
first make the pitch rate ¢ track 0°/s and then de-
sign the tracking curve for the angle of attack in
the following steps.

1. The angle of attack is between 5° and 10° [1:2],
with the constraints on the overload and the stall
out taken into account.

2. From (5) and ¢ = 0, we obtain & = —4. Ob-
tain the tracking curve for the angle of attack as
follows: ascending by 5° from ¢t = 110 sto ¢t = 160 s
and retaining at 10° between ¢ = 160 s and ¢t = 200
S.

The resulting tracking curve is as shown in Fig-
ure 3.

4 Design of the control law

In this section, a characteristic model based all-
coefficient adaptive control law is designed for the
two short-period variables, the angle of attack «
and the pitch rate ¢. The design of this control law
consists of three parts: characteristic modeling, pa-
rameter identification and all-coefficient adaptive
control. We first construct the characteristic model
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Angle of attack (°)

5.5

..llfl 120 130 140 150 160 170 180 190 200
Time (=)

Figure 3 The tracking curve for the angle of attack a.

for the two short-period variables.

Theorem 4.1. With an appropriately se-
lected sampling period, the short-period variables,
the angle of attack a and the pitch rate ¢, of the
vehicle satisfy the following characteristic model:

a(k +2) = fu(k)a(k +1) + fia(k)a(k)

+ g.(k)DE, (14)
q(k +2) = far(k)q(k + 1) + far(k)q(k)
+ g2(k)DE, (15)

where DFE' is the degree of elevons, and f;;,i,j =
1,2, and g;,7 = 1,2, satisfy (7).

Proof. Divide the time interval [110, 200] into
N sub-intervals [t;,t;14],4 = 0,1,...,N — 1, not
necessarily of equal length, with t; = 110 s and
txy = 200 s. Select a working point x; within each
interval [t;,t;1]. Fix the time varying parameters
nearby z; at their values at x;. Then, the following
equations hold!?!:

AO( + all(azi)Aa + alg(azi)Aa
= bll(.’L’l)ADE + blg(l’l)ADE,
Aq + a21($i)Aq + ass(z;)Ag
= byy (2;) ADE + by () ADE,
where Aa = a(t) — a(z;), Ag = q(t) — q(x),
ADE = DE(t) - DE(%Z), t e [ti7ti+1]7 and aij(xi)
and b;;(z;), 1,7 = 1,2, are constants. For a given
time interval [t;,t,,1] and the operation point x;

within it, it was shown in refs. [7, 8] that the fol-
lowing characteristic model can be obtained by ap-

propriately selecting the sampling period T'(z;):
alk +2) = fu(ﬂ?i, kE)a(k +1) + le(:Eia k)a(k)
+ 571 (a:i, k)DE,
q(k+2) = f21(33i7 k)g(k +1)+ f22(33i7 k)q(k)
+ (]g(azi, k)DE,

where fi;, g, 4,7 = 1,2, satisfy (7). Select T =
min, ;< T'(;). Since (7) is satisfied by all f;; and
Ji, the result of the theorem follows by representing
fij(i, k) and gi(z;, k) as fi;(k) and g;(k).

With the dynamics of the short-period variables
represented in the form of (14) and (15), the six pa-
rameters f;;(k) and g;(k) can be identified by using
the least squares method and projection into (7).
Let the identified parameters be denoted by f;;(k),
i,7 = 1,2 and g;(k), i = 1,2. Consequently, an
all-coefficient adaptive control law can be designed
as

DFE = U + ua,
Uy = Ugi + Uy, 1= 1,2,
and for i = 1,2,

_ L fir (K)ei(k) + Lo fio (K)ei(k — 1)
b= 4.(k) ’

'U,”(k) = un(k — 1) — k‘nei(k),
where [; = 0.382, I, = 0.618, e;(k) = a(k) — ax(k)

with oy being the tracking curve for the angle of
attack, ey (k) = q(k) and

k. — ki, if e;(k)(ei(k) —ei(k —1)) >0,
T  k, if es(k)(ei(k) — es(k — 1)) <0,

with k;1; > kip; > 0 being some parameters to be
adjusted.

5 Simulation results

In the simulation, t; = 110 s, hg = 25 km, M, =
2.5 Mach, ag = 5°, 79 = 28° and DE, = —12°.
The simulation results are shown in Figures 4-9.
From Figures 6 and 7, it is seen that the coordi-
nation control of the speed and altitude has been
achieved. We next consider the effect of the over-
load on the closed-loop system. According to the
following relationship:
Lcosvy+ Tsin(a+v) — Dsinvy
n= G ,
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Angle of attack (%)

Pitch rate (°/s)

Altitude (m)

10

21

4 i i L i i i i i
110 120 130 140 150 160 170 180 190 200
Time (s)

Figure 4 The tracking of the angle of attack a.

-5 L L I L L A L i
110 120 130 140 150 160 170 180 190 200
Time (s)

Figure 5 The tracking of the pitch rate q.
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5t 4
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3.57 1
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il!] 120 130 140 150 160 170 180 190 200

Time (s)

Figure 6 The altitude h.

Mach

'2 I I I i I i i L
110 120 130 140 150 160 170 180 190 200
Time (=)

Figure 7 The speed V.

33
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31t
30+

20}

Pitch angle (°)

28
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26 A i i L L L L A
110 120 130 140 150 160 170 180 190 200
Time (s)

Figure 8 The pitch angle.

30

Flight path angle (°)

16 s : : 3 : : : x
110 120 130 140 150 160 170 180 190 200
Time (=)

Figure 9 The flight path angle ~.

where n and G denote the overload and the weight
of the vehicle respectively, we obtain the simulation
result as shown in Figure 10.

The constraint is satisfied since the overload is
less than 2. From the simulation results, we can
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also conclude that our simple control design real-
izes the coordination control of the altitude and
the speed with the constraints of the pitch angle
and overload.

2.0
1.8
Mop— A
1.4 — |
1.2
1.0

Overload

0.8F
0.6r

.41
0.2r i
|
180 190 200

0 — —
110 120 130 140 150 160 170
Time (=)

Figure 10 The effect of the overload.

The robustness of the control law against the ini-
tial values of the parameters has also been inves-
tigated by simulations. Multiple simulation runs
were conducted with the initial values of the pa-
rameters being within the following range: ¢, €
[109.1,110.4] s, M, € [2,2.9] Mach, hy € [23,25.3]
km, oy € [4.8°,5.2°], 7o € [20°,29°], and DE, €
[—9°,—14°]. The simulation results show a good
tracking process with respect to the angle of at-
tack and the pitch rate. The thrust experiences a
sharp change at ¢ = 200 s with a decrease from
240 kN to 0. With a longer simulation time, the
control law works properly after ¢ = 200 s.
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Appendix Nomenclature

\% Velocity XCaG Position of center of gravity
h Altitude CGREF Reference center of gravity (10.668 m)
¥ Flight path angle Cr, Lift coefficient
m Mass Cp Drag coefficient
1y Moment of inertia Cum Pitching moment coefficient
P Thrust Cyz Total aerodynamic coefficient in the Z
q Pitch rate direction of the body coordinate system
« Angle of attack CLB Basedline lift coefficient
w Gravitational constant CDB Baseline drag coefficient
wEg Rotation rate of the Earth CMB Baseline pitching moment coefficient
REg Radius of the Earth, 6371386 m CLDE Lift coefficient due to elevon deflection
M Mach number CDDE Drag coefficient due to elevon deflection
L Lift CMDE Pitching moment coefficient due to elevon
D Drag deflection
My Pitching moment CLBF Lift coefficient due to body flap deflections
p Density of air CDBF Drag coefficient due to body flap deflection
n Overload CMBF Pitching moment coefficient due to body
G Weight flap deflection
Reference area (33.2 m?) CcCMQ Pitching moment coefficient due to the
c Mean aerodynamic chord (4.43 m) pitch rate
Ag The initial value of the variable A
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