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1. INTRODUCTION 

 
  In this paper, a new nonlinear adaptive control law using a 
disturbance accommodation control observer is presented for a 
Japanese automatic landing flight experiment vehicle called 
ALFLEX. ALFLEX’s flight experiments have been carried 
out to demonstrate the overall system technology and evaluate 
automatic landing technology for future Japanese spaceplanes. 
In this study, we focus on the guidance and control law for 
ALFLEX. In particular, the purpose of this paper is to make 
the roll rate and yaw rate of the vehicle track their references 
in designing the guidance and control law. 
 In general, a spaceplane encounters greater fluctuations in 

the stability and control derivatives of flight dynamics because 
its flight region is much wider than that of conventional 
aircraft. Therefore, a conventional linear-time-invariant (LTI) 
expression is not appropriate in dealing with such a space-
plane’s characteristics, so that the employment of some sort of 
adaptive mechanism is required.  

 

 

 

 

 

 

 

 

Fig.1 Automatic Landing Flight Experiment. 
 
  In our previous studies of ALFLEX’s longitudinal motion 

control, we developed a digital adaptive flight control system 
based on a linear-parameter-varying (LPV) model, in which 
unknown parameters were studied as functions of dynamic 
pressure and the number of adjustment parameters was re-

duced as much as possible [1,2]. As a result of 1000 repeti-
tions of the Monte-Carlo evaluation under the initial disper-
sion conditions, it was observed that ALFLEX successfully 
touched down on the runway in almost all cases. Thus, the 
usefulness of the previous digital adaptive control laws was 
confirmed. However, if we attempt to apply the previous 
control laws to ALFLEX’s lateral motion, it is difficult to deal 
with uncertain terms  s u c h  a s  oupling, disturbance and 
nonlinearity terms. Therefore, for the control of ALFLEX’s 
lateral motion as a multi-input-multi-output (MIMO) system, 
the system should possess an estimation mechanism for such 
uncertain terms and should be robust against disturbance.  
  Baba, of the National Self-Defense Academy, Japan, et al. 

developed a flight control method based on inverse dynamics 
transformation and singular perturbation theories [3,4,5]. The 
obtained guidance and control system has the ability to di-
rectly control nonlinear dynamics and to make a vehicle 
follow a predefined trajectory. However, a robustness problem 
for uncertainties such as disturbance still remains for this 
method. 
  Recently, a theory called the “linear adaptive theory” has 

been proposed by Johnson, of the University of Alabama, 
USA. Using this theory with a disturbance accommodating 
control (DAC) observer [6,7], a nonlinear controlled system 
can be linearized by constructing feedback loops consisting of 
the terms estimated by the DAC observer and can also be 
provided with adaptability, because, the DAC observer esti-
mates the disturbance, uncertain and coupling terms of the 
controlled system. Thus, a MIMO nonlinear system can be 
transformed into a decoupled linear system, and the asymp-
totic stability of the system is guaranteed using the subspace 
stabilization technique. This stabilization technique is for 
finding feedback gains such that the state variables of the 
obtained closed-loop system asymptotically approach a 
subspace that satisfies prescribed boundedness and stability 
conditions. 
  Therefore, in this study, we attempt to apply the linear 

adaptive theory and subspace stabilization control technique 
with the DAC observer to a first-time-scale subsystem ob-
tained using inverse dynamics transformation and singular 
perturbation approaches. 
 Finally, to examine the effectiveness of the proposed system, 

numerical simulation was performed with ALFLEX’s 
6-degree-of-freedom nonlinear simulation model.  
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Notations 

 
YDTL ,,,  : lift, thrust, drag, and side force along each  

          wind axis 
NMl ,,  : moments of roll, pitch and yaw in body-axis  

           system 
m  : mass of vehicle 
g : acceleration of gravity 

EEE zyx ,,  : c.g. position in Earth-fixed frame  

,i jI  : moment of inertia  

V  : total velocity of vehicle 
βα ,  : angle of attack and sideslip angle  
ψθφ ,,  : Euler angles 
rqp ,,  : roll, pitch, and yaw rates in body-axis  

           system 
χγ ,  : flight path angle and ground track angle 

ε  : small parameter in singular perturbation  
          theory 
 
 

2. CONTROL LAW FOR ALFLEX 
 
2.1 ALFLEX Dynamics 
 
  On the assumption of the flat-Earth model, a 6-degree- 

of-freedom of ALFLEX’s dynamics can be given by the 
following equations [8]. 
 
(a) Translational equations of motion 

  ( ) mmAgDTV +−= βα coscos&  (1) 

 ( )
( )ααβ

βαα
sincostan

cossin
rpq
mVmBgTL

+−+
+−−=&  (2) 

( ) ααβαβ cossincoscos rpmVmCgTY −++−=&  (3) 
Here, 

   
θφβα

θφβθβα
coscoscossin

cossinsinsincoscos
+

+−=A , (4) 

   θαθφα sinsincoscoscos +=B , (5) 
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(b) Rotational equations of motion 
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(c) Relationship between rates of Euler angles and body-axis 
angles 
         ( ) θφφφ tancossin rqp ++=&  (10) 
         φφθ sincos rp −=&  (11) 
         ( ) θφφψ seccossin rq +=&  (12) 
 

(d) Equations for vehicle’s position 
          χγ coscosVxE =&  (13) 
          χγ sincosVyE =&  (14) 
          γsinVzE −=& . (15) 
 
2.2 Dynamic Inversion and Singular Perturbation 
 
  The inverse dynamics transformation theory is a technique 

that sequentially cancels a plant’s characteristic by sequen-
tially forming an inversion system (dynamics), and realizes an 
ideal transient response determined arbitrarily by a system 
designer. On the other hand, the singular perturbation theory is 
an approach in which a control system is separated into 
fast-time-scale (FTS), middle-time-scale (MTS) and slow- 
time-scale (STS) subsystems according to the difference in 
response time between the state variables, and each feedback 
loop is constructed according to each time scale. Hence, for a 
slower subsystem, the state variables of a faster subsystem can 
be assumed to become steady values. Thus, in the proposed 
method, the order of the system can be reduced by employing 
time scale separation, so that numerous state variables can be 
controlled. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.2 Dynamic Inversion and Singular Perturbation 
 
   In this study, to apply singular perturbation control to 
trajectory control, we divide state variables in Eqs. (1-15) into 
slow- and fast-time-scale variables. 
 
 [Slow-time-scale variables] 
   [ ]EEE zyxV ψθφβα=x , T=u  
 [Fast-time-scale variables] 
   [ ]rqp=z ,  [ ]rea δδδ=w  
 
Next, we divide eqs. (1-15) into two groups as shown in 
 
        ( ) ( ) ( )uxCzxBxAx 111 ++=& , (16) 
       ( ) ( ) ( )wxCzBzxAz 222 , ++=&ε . (17) 
 
At this point, to describe STS dynamics, the parameter ε  is 
set to zero. 
 
     ( ) ( ) ( )[ ] 








+=

u
z

xCxBxAx 111&  (18) 

     ( ) ( ) ( )wxCzBzxA 222 ,0 ++= . (19) 
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In eq.(18), we consider [ ]Tuz to be inputs such that 
eq.(18) can be written as 

 

( ) ( ) .
021 dtKK
t

∫ −+−= xxxxx&  (20) 

 

From eqs.(18) and (20), [ ]Tuz is generated using 
 

( ) ( )[ ] ( ) ( ) ( ) .
021

1
11 



 −+−+−=








∫− dtK

t
xxxxxAxCxB

u
z

 (21) 
 
Substituting z  from eq.(21) into eq.(19), w  can be ob-
tained. However, since this w  is obtained by assuming that 

0ε → , there exists a difference between the actual variable 
z  and w  and the FTS variable z and w . Therefore, to 
decrease both differences, we consider the next system called 
FTS. 
 

       ( ) ( ) ( ) wxCzBzxAz ∆∆∆∆ 333 , ++=&  (22) 
Here, 
       zzz −=∆ ,   www −=∆ . (23) 
 
In this system, the FTS control input w∆ can be designed for 
Eq.(22) to maintain z∆  close to zero. 
 
 

3. LINEAR ADAPTIVE CONTROL LAW 
 
3.1 Linearization of system using DAC observer 
 
   As mentioned above, ALFLEX’s dynamics is treated as a 
nonlinear system including disturbance. As controlled vari-
ables, we consider roll rate and yaw rate in the FTS subsystem. 
Therefore, eqs. (7) and (9) are expressed by the following 
nonlinear differential equations.  
 

     ( ) aaL Lwrpmp δδ+= ,,&  (24) 

     ( ) rrN Nwrpmr δδ+= ,,&  (25) 

 
Here, the first term represents the coupling, uncertain and 
disturbance terms and the second term represents the control 
input term. Since eqs.(24) and (25) have similar forms, hence-
forth we will consider to design an observer for the first 
equation eq. (24).  
   First, we define the error in roll rate as 
 

ppep −= ∗ . (26) 

 
Differentiating this, the differential equation with respect to 
roll rate error is obtained. 
     ( ) aaLp Lwrpmpppe δδ−−=−= ∗∗ ,,&&&&  (27) 

Here, ∗p represents the predefined reference roll rate. Denot-
ing the first and second uncertain terms as 
           ( )wrpmpz Lp ,,1 −= ∗& , (28) 

eq. (27) can be rewritten as 
           

aapp Lze δδ−= 1& . (29) 

Here, to estimate the unknown term 
1pz , we employ the DAC 

observer. To do so, we consider a quadratic spline function 
with respect to time. 
 
        ( )[ ] 2

3211 tctcctxfz p ++==  (30) 

 
Thus, eqs.(29) and (30) can be rewritten into the following 
forms according to reference [6]. 
 
           

aapp Lze δδ−= 1&  (31a) 

pp Γzz =&  (31b) 
 
Here,  

[ ] .
000
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,321















== Γz T

pppp zzz  (31c) 

As an observer for eqs.(31a) and (31b), we introduce 
 ( ),ˆˆˆ 11 ppaapp eekLze −+−= δδ
&  (32a) 

( ).ˆˆˆ 42 pppp ee −+= −kzΓz&  (32b) 

Subtracting eqs.(32a) and (32b) from eqs.(31a) and (31b), 
respectively, and combining the results, the following DAC 
observer is obtained. 
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If observer gain [ ]Tkkkk 4321=k is selected so that the 

above equation becomes stable, ]ˆˆ[ ppe z&& approaches 

][ ppe z&&  with time. 

   Next, to design the tracking system for the roll rate, as a 
state variable, we consider the integral of tracking error, 
tracking error and its derivative. 

   [ ]
T

pp

t

p
T eedexxx 



== ∫ &τ

0321x , (34) 

As an actuator of the vehicle, we assume the following 
first-order lag element with the time constant T [s]. 

           
paa u

TT
11

+−= δδ&  (35) 

Differentiating eq.(34) and using eq.(35), the state differential 
equation becomes 
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 (36) 
 
 To simplify the problem, we divide the total input into two 
parts. 
           

ephpp uuu ,, +=  (37) 
Here, 

hpu ,
 is a control so that the second term in eq.(36) is 

cancelled out.  
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Here, 
epu ,
 is a control that guarantees the asymptotic stabil-

ity of the system. 
   Substituting eqs.(37) and (38) into eq.(36), a linearized 
equation is obtained with regard to rolling rate error. 

 
BuAxx +=&  (39a) 
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Here, the purpose of the control is to make the state variable 
x  promptly follow a prescribed value, ∗x , which represents 
an acceptable error response in accordance with an ideal 
model dynamics. 

   0
001 =++ ∫ ταα deee
t

ppp&  (40) 

Here, the feedback gains 1α  and 0α  are determined accord-
ing to the subspace stabilization technique described in the 
next section. 
 
 
3.2 Subspace-Stabilization Control Technique 
 
  First, the subspace-stabilization control technique is briefly 

summarized here according to references [6,7].  
   The subspace-stabilization control problem is to find the 
feedback control xKu )(t=  such that all solutions ( )tx of 
the close-loop system uBxAx )()( tt +=& asymptotically 
approach S as ∞→t and such that all the motions Sx ∈)(t  
the satisfy prescribed boundedness or stability conditions. The 
surface S represents the desired time behavior of the error 
state components through 

[ ] 01:

3

2

1

10 =
















x
x
x

ααS  (41) 

  

  

  

  

  

  
  

3x

2x

1x

( )tC

( )tM

( ) 2ξM t

1ξC♯
( )tx

 
 

 
   At this point, we consider a certain coordinate transfor-

mation from the x space to the ξ space. 
                         

[ ] .ξMCx ♯=  (42) 

The inverse transform from ξ  to x  is 
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2

1 x
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ξ   (43) 

Where the norm of the subvector 1
1 R∈ξ  constitutes a 

measure of the distance to the subspace S and the subvector 
2

2 R∈ξ  lies on the subspace S .  
   From the above definition of the transformations, the 

following relation must be satisfied. 
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M
C

==







,♯

♯
 (44) 

As matrices that satisfy such a condition, we can select 
   ( ) 1# −

= TT CCCC , ( ) TT MMMM 1# −
= . (45) 

 
Here, { }21 mm=M consists of two linearly independent 

columns and C is any (3 2) 3− ×  matrix such that 0=MC . 
  In the new ξ  space, differentiating eq.(43) and using the 

feedback ( )u t= K x , the original state equation 
uBxAx )()( tt +=&  is transformed to 
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   Here, for system (46), we assume that the following two 

conditions are satisfied. 
( ) ( ) ( )( ) ( ) ( ) ( ) ( ),ttttttt RMMMKBA ≡−+ &   

for some 2 2× square matrix )(tR  (47) 

( ) ( ) ( ) ( )( ) ( ) ( ) ( )ttVttttt CCKBAC ≡++ &   

for some scalar ( )tV  (48) 
 Thus, Eq.(46) can be simplified to  
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  For the system state )(tx  to promptly approach S , that 

is, 0ξ →1 , within a specified settling time, the reduced 
system 

            11 ξξ V=&    (50) 
must be asymptotically stable to the equilibrium point 1 =ξ 0 . 
   Therefore, employing , 0V µ µ= − > , and substituting it 
into eq.(48), the feedback gain that satisfies eq.(48) becomes  

,11021
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and the control input for achieving stability becomes 
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Thus, we obtain the following overall control input. 
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Fig.3 Subspace stabilization technique 
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  Figure 4 shows the block diagram of the linear adaptive 

controller with respect to roll rate. It also indicates that the 
error equation of the system is linearized using the DAC 
observer and the satisfactory error response is acquired using 
the subspace stabilization technique. 

 In the same manner discussed above, the same block dia-
gram of the linear adaptive controller for roll rate can also be 
obtained. 
 

 

 

 

 

 

 

 

 
 
 
 

7. NUMERICAL SIMULATION 
 
  To examine the effectiveness of the proposed system, a 

numerical simulation was performed with the ALFLEX 
simulation model. As a simulation model, a nonlinear flight 
dynamics of 6 degrees of freedom written in the Mat-
lab/Simulink environment was used [9]. The initial conditions 
employed in this simulation were the same as those for the 
actual ALFLEX experiments performed in Australia. 

  Figures 5-6 shows the time histories of the error response 
of the roll rate p and yaw rate r . To examine the effects of 
disturbance, we compared the responses without wind and 
with head wind or cross wind. ALFLEX follows the reference 
value regardless of disturbance using the proposed system. As 
the wind model, the MIL-F-9490D, MIL-F-8785C wind model 
was utilized. 
  Figure 7 shows the estimation results of the DAC observer. 

Reviewing this, it is observed that the observer can estimate 
the disturbance, uncertain and coupling terms satisfactorily 
although the estimated values vary from their true values. 
  Figures 8-9 show the vertical and horizontal loci of the 

center of gravity of ALFLEX. On longitudinal motion control, 
ALFLEX follows the reference path very well from approxi-
mately 2000[m] ahead of the tip of the runway and success-
fully touches down on the runway. On the other hand, on 
lateral motion control, the vehicle is affected by cross wind 
and largely deviates from the allowable range. The reason is 
that only roll rate and yaw rate are controlled and lateral 
position is not controlled in the proposed method at the pre-
sent stage. 
 

8. CONCLUSIONS 
 

  An adaptive flight control system employing the DAC 
observer and linear adaptive control methods was presented. 
The simulation results revealed that the proposed system is 
effective against the disturbance and has a quick response of 
the controlled outputs, particularly, angular velocity in 
fast-time-scale state variables. Moreover, it was revealed that 
the DAC observer could estimate the disturbance, uncertain 
and coupling terms satisfactory. In summary, the simulation 
showed that the proposed system could directly control 
nonlinear dynamics, possess robustness against disturbance, 

and follow a given reference trajectory quickly. 
  In addition to the present method, if the MTS and STS 

subsystems are included in the system, satisfactory lateral 
position control is expected; however, this is a subject for  
future studies.  
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Fig.4 Block Diagram of Linear Adaptive Controller 
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Fig.5 The time histories of the error response  
of the rolling rate. 

Fig.7 Behavior of the estimation roll rate  
of DAC observer. 

Fig.6 The time histories of the error response 
of the yawing rate. 

Fig.9 Lateral trajectory, and upper and lower limits. 

Fig.8 Horizontal fight path and reference path. 
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