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Abstract: Since reusable launch vehicles (RLVs) have wide range flight conditions, the values of parameters of
the dynamic equation are not constant. Then some adaptive control methods for the RLVs have been proposed
and digital control systems are suited for digital computers. However, the control performance decreases when
the nonlinearity strengthens though a linear adaptive control has an excellent performance when the nonlinearity
of the controlled system can be disregarded. In this paper, we apply a digital adaptive feedback linearization
control method with time-scale separation to a winged rocket in the abort flight. The simulation results show

the effectiveness of the control systems.
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Nomenclature

da; e, Or

=aileron, elevator and rudder

deflection angles

D, q, T =rotatonal rates

a, B =angle of attack, sideslip angle

o, 0 =bank angle, pitch angle

L., M., N, =aerodynamic rolling, pitching
and yawing moments

L =moment/product of inertia

Vias =true airspeed

1 Introduction

In late years space development is performed lively
all over the world, and the research of space trans-
portation systems to enable them is performed. Es-
pecially, Reusable Launch Vehicles (RLVs) are ex-
pected for the space transportation systems because
the RLVs are the low-cost and highly reliable trans-
port system instead of the conventional disposable
rockets.

Since the RLVs have wide range flight conditions
to the space from the ground, the values of parame-
ters of the dynamic equation of the RLVs are not con-
stant. Therefore, gain scheduling control method [1]
that is linearized at a series of design points to be
decided by the velocity and the altitude of the RLV
and whose parameters of the controller are switched
for the change of flight conditions has been applied
for the RLVs. However, the gain scheduling control
method has drawbacks for the RLVs. First, when the
air traffic window expands, the number of required
gains to be designed and the schedule becomes very
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large to guarantee control performance above a cer-
tain level in all flight conditions. Second, since the
gain scheduling control method can only correspon-
dence to the known change; the control performance
of the method becomes worse for the unpredictable
change in the flight condition such as the abort flight.

For the change of the flight conditions, adaptive
control methods using approximated linear dynamic
equation of the RLVs have been researched [2]- [5].
However, the control performance decreases when
the nonlinearity strengthens though a linear adap-
tive control has an excellent performance when the
nonlinearity of the controlled system can be disre-
garded. Then, the feedback linearization method for
deleting the nonlinear term by the state feedback for
the nonlinear equation of motion of the RLV have
been researched [6]. In addition, the method for di-
viding time-scale by a fast motion and a slow motion
is researched for the simplification of the structure
of the control system [7]. However, an internal aero-
dynamic parameter is fixed in their control methods.

In this paper, we apply a digital adaptive feedback
linearization control method with time-scale separa-
tion to a winged rocket [8] in the abort flight, and the
simulations are done to validate the effectiveness of
the control systems in wide range flight conditions.
The simulation results show that the control system
has a good control performance.

2 DModel of winged rocket

Fig. 1 shows an outline of a winged rocket [8] and
the parameters are shown in Table 1. It has two
elevons and two rudders as aerodynamic control sur-
faces. Since the configuration of the winged rocket
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Fig. 1 Winged Rocket

Table 1 Winged rocket parameters

Parameter

Body length 2.5[m]

Mass 241[kg]

Body outer diameter 0.57[m
Wing area 1.05 [m?]

Wing span 1.8[m)]

Mean aerodynamic chord 0.67[m]

Position of center of gravity 65[%]

shown in Fig. 1 is similar for general airplanes, the
nonlinear equation of fast states motion is expressed

as follows [9]:

z(t) = A(x)z(t) + B(z)u(t) + C(z)w(t)

w(t) = [p q T]Ta u(t) = [5ac dec 5rc]Ta
w(t) = [pg qr rp r* — p* a B]7,
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and I, is inertia matrix. When & is discretizaed for
forward difference by sampling period T, Eq. (1) is

expressed as follows:
z(k+1)=(I+TA(x))xz(k)

+TB(z)u(k) + TC(z)w
= Ap(x)x(k) + Br(z)u(

—
=
~

+
+

where, I is identity matrix.
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On the other hand, nonlinear equation of slow
states motion is expressed as follows [9]:

y(t) = D(y)z(t) + Eh(t) + g(t) 3)
where,
y(t) =[a B 9"
h(t) = sin a cos o 11"
VipscosB Vi, cosB Vi,
—cosatan @ 1 —sinatan 8
D(y) = sin a 0 —cosa ,
1 singtanf  cos¢otanf
X z
-2 £ 0
E=|0 0 X,
0 0 O
and g(t) is the vector consisting of the gravitational

forces. Similar for fast states motion, y is dis-
cretizaed for forward difference by sampling period
T, Eq. (3) is expressed as follows:

y(k+1) =y(k) + Dr(y)z(k) + Erh(k) + Tg(k()-)
4

3 Control system

The design method in this paper is a digital adap-
tive feedback linearization control method with time-
scale separation. To derive the input u to control the
output y, this method is separated two time-scale.
In the fast time-scale, control surface deflection com-
mand u = [64c Jee Orc)T is derived from rotational
rate command x. = [p. q. 7c]T. In the slow time
scale, rotational rate command . is derived from
output command y. = [a. B ¢c]7.

3.1 Inner loop for the fast states
Here, control input to Eq. (2) is defined as

u(k) = By {z4(k + 1) — Ar(z)z(k) — Cr(z)w(k)
— A(za(k) — z(k))} (5)

where, A =diag{\;} (i = p, ¢, r) is the gain matrix
and x4 is the output of the reference model. From
Egs. (2) and (5), the output error ef(k) = xq(k) —
(k) is

er(k+1) = Aes(k). (6)

And if ); is selected to satisfy 0 < \; < 1, the output
error ey (k) tends to zero as k tends to infinity. In a
case of unknown parameters, we introduce the matri-
ces Ap(z), Br(z) and Cp(x) those coefficients are
estimated values of the coefficients in Ar(x), Br(x)
and Cp (), respectively. The coefficients in Ap(z),
Br(x) and Cr(x) are estimated by using adaptive
algorithms [11].
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Fig. 2 Input

3.2 Outer loop for the slow states

From Eq. 4, the rotational rate command is obtained
by following equations:

zc(k) =D {ya(k + 1) — y(k) — Ex(y)h(k) — Tg(k)
—P(ya(k) —y(k))} (7)

where, P = diag{p;} (¢ = «a, 8, ¢) is gain matrix
and yg4 is output of the reference model. From Eq. 3
and 7, output error e,(k) = yq(k) — y(k) is

es(k+ 1) = Pey(k). (8)

And if p; is selected to satisfy 0 < p; < 1, the output
error e4(k) tends to zero as k tends to infinity.

In this paper, unknown parameters in Eq. 7 uses
the fixed values obtained from the wind tunnel ex-
amination result.

4 Numerical simulation

To validate the adaptive control system described,
computer simulations for a 6-DOF nonlinear winged
rocket model [10] considering the atmospheric fluc-
tuation are performed. simulation condition is fol-
lows. When the winged rocket is climbing, a trou-
ble is happened at about 4000[m] in altitude. Then
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the winged rocket changes the thrust power from
3000[N] into O[N] for changing the route. That is
an abort flight. At the start of the simulation, the
altitude of the winged rocket is 3200[m], downrange
is 3000[m], crossrange is 0[m], the velocity is 80[m/s]
and the pitch angle is 70[deg]. At the target point,
downrange and crossrange are O[m], and altitude is
200[m]. The aerodynamic coefficient of the winged
rocket uses the value obtained from the wind tunnel
examination result. The actuators of elevons is used
that the attenuation coefficient ¢ = 0.7 and the nat-
ural frequency w,, = 72[rad/s]. The sampling period
of the control system is T' = 0.01[s]. The gain of
fast states are A, = 0.95, Ay = 0.90 and A, = 0.90.
The gain of slow states are p, = 0.90, pg = 0.92 and
pe = 0.95. A constant trace algorithm [11] is utilized
for parameter estimation.

Figs. 2 and 3 show the input and the output, re-
spectively. In Fig. 3, the dotted lines show the out-
put of the reference model. From Fig. 2, we can
see that the input commands to the actuators is al-
most smooth. And from Fig. 3, it can be seen that
the angle of attack and the bank angle follow to the
reference output well, and the side-slip angle is sup-
pressed to 0.5[deg] or less. Next, Fig. 4 is flight tra-
jectory. From Fig. 4, we can see that the winged
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Fig. 4 Trajectory

rocket arrives at the neighborhood the target point.

From the simulation result, it can be confirmed
that the applied control method is effective for the
flight control of the winged rocket.

5 Conclusion

In this paper, we apply a digital adaptive feedback
linearization control method with time-scale separa-
tion to a winged rocket in the abort flight. From
the numerical simulation, we showed that the con-
trol system of the winged rocket has a good control
performance.
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