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1. INTRODUCTION 

In general, a tilt-rotor airplane is the special one that has 
three flight modes such as helicopter mode, airplane mode and 
transition mode between helicopter mode and airplane mode. 
This type of UAV (Unmanned Aerial Vehicle) has something 
different from the conventional airplanes such as the 
fixed-wing and the rotary-wing: transition flight is realized by 
changing the nacelle angle tilting between 0 deg and 90 deg 
for forward flight/vertical take-off and landing. Because of 
these complex flight modes, dynamics of this airplane is 
highly nonlinear, time-varying and uncertain due to interaction 
among wing, rotor master and fuselage resulted from tilting 
rotor airflow. 

Conventional flight control system has been designed in 
such a way of yielding linear models at some specific flight 
conditions and then applying one of linear flight control 
design techniques to those models, and finally implementing 
the resulted control laws in gain scheduling. Although this 
approach has many advantages , there are some disadvantages: 
for example, it is rather difficult to apply to the system with 
highly nonlinear and uncertain complex dynamics. So 
tilt-rotor UAV is one of the most complex vehicles that is very 
difficult to fully satisfy the required performances of the 
vehicle in simple conventional control techniques. In order to 
overcome these problems, many techniques of the flight 
control system design have been studied. One of them is 
adaptive nonlinear control technique based on feedback 
linearization[1,2]. Main feature of this technique is that it does 
not need any gain scheduling based on linear model-based 
flight control laws designed but needs information of  the 
vehicle dynamic model in real time. 

Recently, adaptive nonlinear control with neural network is 
developed and applied to many flight vehicles. Main role of 
the neural network in this technique is to compensate for 
insufficient information of flight vehicles and uncertain 
nonlinearities of such a control saturation and model error due 
to dynamic model inversion[3,4]. 

In this paper, the waypoint following in the helicopter flight 
mode for the tilt-rotor UAV under development (TR-KUAV) 
is treated. Approach to this problem here is to apply the neural 
network-based adaptive control using dynamic model 

inversion to be mentioned in the next sections. This approach 
includes the inner loop control using dynamic model inversion 
and neural network for guaranteed stability and the outer loop 
control using dynamic model inversion based on the force 
dynamics for the waypoint following given. In section 2, the 
basic technique of adaptive nonlinear control is developed, 
and then applied to the tilt-rotor UAV in section 3. The 
waypoint following control algorithm is simulated in the 
nonlinear simulation model to validate its performance of 
precise waypoint following in section 4, followed by 
conclusion in section 5. 

2.  ADAPTIVE CONTROL BASED ON 

NEURAL NETWORK 

This section introduces the nonlinear control based on the 
dynamic model inversion with adaptive neural network. This 
approach needs PD control (or PI  control) to meet the 
system stability condition and the handling quality required. 

2.1 Dynamic Model Inversion with Error 
In general a nonlinear n-dimensional system is expressed in 

),,( δxxfx =                    (1) 

where mn RtRtx ∈∈ )(,)( δ are the state variable and input 

variable, respectively. Also the function )(⋅f is defined as  

nmnn RRRRf →××: . Now Eq.(1) can be redefined as 

),,( δxxfu

ux

=
=

                   (2) 

where nRtu ∈)(  means a pseudo control variable. If n=m, 

the function )(⋅f is invertible, and )(tx and )(tx are 

measurable, then the feedback linearization in Eq.(1) is 
available by Eq.(2). The result from dynamic inversion is 
given, which is computed in real time in flight computer : 

),,(1 uxxf −=δ                  (3) 

It is noted that Eq.(3) implies the perfect inversion only when 
the function should be exactly known, which results in the 
perfect linearized system. However, reality is not always the 
case. If the model uncertainties in Eq.(1) are considered in the 
inversion process, Eq.(2) is expressed as the following : 
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Fig 1. Inner and outer-loop adaptive flight control architecture
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),,( uxxux ∆′+=                 (4) 

where nnnn RRRR →××∆′ : means the model inversion 

error that is a function of the state variable and the pseudo 
control input. From Eq.(4), the control input obtained in the 
dynamic inversion is now expressed by as follows: 

),,(ˆ 1 uxxf −=δ                  (5) 

where )(ˆ tδ  means approximate inversion of the control 

input due to the model uncertainties. 

2.2 Stabilizing Controller Design 
In general PID-type controller is used to satisfy the flying 

quality of the aircraft stability and performance in the 
feedback linearization. In this section, it is assumed that there 

is no error : 0=∆′ . Then the PD-type controller is discussed 

on how to design it. The pseudo control in i-th channel in 
Eq.(2) is defined as : 

...,2,1)()()( nitxtutu
ii cpdi =+=        (6) 

where (t)u
ipd consists of the terms of the tracking error, 

defined as : 

))()(())()(()( txtxKtxtxKtu icdicppd iiiii
−+−=    (7) 

Here )(),( txtx
ii cc are the selected commands, and 

ii dp KK , are the gains of PD-type controller. When the 

controller in Eq.(6) and Eq.(7) is substituted into Eq.(4), the 
error dynamic equation is obtained as follows: 

nixKxKx ipidi ii
,...,2,1,0~~~ ==++           (8) 

where )()()(~ txtxtx ici i
−= is the error state, and )(~ txi is

the error state derivative. Eq.(8) is the typical 2nd-order linear 

model, and so the gains of
ii dp KK , are yielded in the 

following rule. 

niKK npnd ii
,...,2,1,2 2 === ωξω          (9) 

where ξ  is the damping ratio, and nω is the undamped 

natural frequency. It is noted that PI-type controller is 
similarly designed if necessary. 

2.3 Neural Network Design 
In the previous section, we assumed the perfect dynamic 

inversion. But reality is not always the case. If the 
uncertainties in the real vehicle dynamics are neglected in 
design of the PD-type flight controller shown in the section 
2.2, the stability and performance of the control system might 
be degraded. Even in the worst case the closed-loop system is 

to be unstable. In order to remedy this problem, the neural 
network in this section is introduced. Now, the pseudo control 

input with the term of the neural network, )(ˆ tu
iad ,in Eq.(6) is 

defined again. 

nitutxtutu
iii adcpdi ...,2,1)(ˆ)()()( =−+=      (10) 

From Eq.(10) and Eq.(4), the error dynamic equation is 
obtained as follows: 

niuxKxKx iadipidi iii
,...,2,1,ˆ~~~ =∆′−=++      (11) 

where the role of )(ˆ tu
iad  is to cancel i∆′  so that the 

steady state error of )(~ txi becomes zero. It is known that the 

neural network has the function approximate of certain 
nonlinear function within any desired accuracy. In this paper, 
the neural network with adaptive update rule is defined in the 
form of 

),,()(ˆ

1
),,()(ˆ)(ˆ uxxtw

N

j

uxxtwtu i
T
iijijadi

ββ ′=
=

′=     (12) 

where )(ˆ twi  means the vector of the weight )(ˆ twij

which is updated online, and )(⋅′ijβ is a basis function of the 

neural network. The weight update rule of )(ˆ twi  is proposed 

in a sense that the error dynamic given in Eq.(11) is bounded 
in Lyapunov asymptotic stability, which is given in Eq.(13). 
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Eq.(14), which is obtained from the result of the positive real 
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3. APPLICATION TO TILT-ROTOR UAV 

In this section, the waypoint following problem of 
TR-KUAV will be studied[5,6]. It is assumed that the tilt-rotor 
UAV is flying in helicopter mode with nacelle angle 0(deg), 
and the waypoints in inertial coordinates are given to be 
followed. As control inputs to the UAV, there are the 

collective( cδ ), longitudinal cyclic( eδ ), the lateral cyclic( aδ ), 

and the pedal inputs( pδ ). The algorithm is separated into two 

structures of the attitude control for inner-loop and the 
position control for outer-loop, which is shown in Fig.1. 

3.1 Inner-Loop Controller Design 
The flight control algorithm of the tilt-rotor UAV in this 

study has a special feature in the structure of inner-loop: Rate 
Command/Attitude Hold(RCAH) in the roll and yaw channel 
and Attitude Command/Attitude Hold(ACAH) in the pitch 
channel, which is based on ADS-33D Handling Quality[7]. 
The algorithm structure of ACAH logic for the longitudinal 
channel is depicted in Fig. 2. 

Fig 2. Neural Network Augmented Model 
 Inversion Architecture in longitudinal channel 

Rotational linearized dynamics of the tilt-rotor UAV are 
represented in Eq.(15). 

δωω ⋅+⋅+⋅= BAxA 211        (15) 

 where BAA ,, 21
 are the system matrices of states and 

controls, defined in the following: 

[ ]Trqp=ω ,

[ ]TCOLwvux δ=1
,

[ ]TDIRLONLAT δδδδ =
In this study the linearized model in Eq.(15) is obtained at 

the forward velocity of 120Knot, and the coupling terms 
between rotation variables and position variables are neglected. 

Now, introduce the pseudo-control input ( U ) and the  

angular accelerations ( cω ), coming out of the command filter,  

into Eq.(15): 

ADCC UUU −+= ω               (16) 

where cU  means the linear control output in terms of 

PID structure, which should be designed to be faster than the 
command filter to be included in this design. In the lateral 
channel, PI controller is considered. Outputs of the command 
filter are the three terms : 

[ ]Tcrccpc θω =                (17) 

Moreover the desired angular accelerations ( Dω ) are 

defined to be: 

T
DDDD rqp ][=ω            (18) 

Also they are calculated from the relation between Euler 
angular accelerations and the body angular accelerations.  
Combined Eq.(15) with Eq.(18), the control input to the 
vehicle in the inner-loop is obtained in dynamic model 
inversion from Eq.(15). But this model is not exact because of 
some error originated from dynamic inversion. Hence in 
practical sense, the control input is written in Eq.(19).  

      }ˆˆ{ˆˆ
211

1 ωωδ ⋅−⋅−= − AxAB D
        (19)  

where the matrices of BAA ,, 21 are yielded from the 

linearized model about the forward velocity of 120knot. The 
angular velocities of the vehicle is now expressed with error 
terms: 
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             (20) 

where the error ( 3,2,1,)( =iiε ) comes from the model 

inversion.
For instance, the pitch channel using ACAH in longitudinal 
axis can be expressed as follows : 

φεφεθ θ sincos )3()2()( ⋅−⋅+= U        (21) 

Substituting Eq.(16) into Eq.(21), the error equation is 
obtained as follows: 

)()2(

~~~
θεθθθ −=+⋅+ ADPD UKK        (22) 

where the error of the pitch angle is defined as follows: 

θθθ −= C

~  
}sincos{ )3()2()( φεφεε θ ⋅−⋅=       (23)

In Eq.(22) the term of 
)2(ADU  is the output out of the 

neural network that compensates for the error given in Eq.(23). 
If the neural network works perfectly, then the error equation 
in Eq.(22) becomes 

            0
~~~ =+⋅+ θθθ PD KK                (24)  

It is noted that the gain parameters in Eq.(24) can be 
determined from ADS-33D Handling Quality to satisfy the 
required performances. ADS-33D contains quantitative 
handling qualities requirements for military rotorcraft. 
ADS-33D requires that in Attitude Hold Systems, the pitch 
attitude angle returns to ±10% of the peak excursion in less 
than 10 seconds following a pulse input. Similarly, Attitude 
Command implies that a step pitch command shall produce a 
proportional pitch attitude change within 6 seconds. The 
dominant complex poles of the command filter, provide 

minimal overshoot ( 8.0=ς ) and 5% settling time of 1.5 

seconds ( rad/sec5.2=nω ), which provides Level 1 handling 

characteristics in the pitch channel. Also ADS-33D prescribes 
Level 1 Rate Command handling qualities in roll as for the 

phase bandwidth, sec/2 radBW >ω . With the roll-yaw 

coupling small the time constant of the roll response in 
approximately the inverse of the bandwidth, so design: 

BWPCFK ωτ ≅≥ /1  This provides the roll command filter 

with 5% settling time of approximately 1.5 seconds. 
The setup time for the yaw-channel is similar with a time 

constant, sec25.0=Pτ  These command filter designs will 

provide Level 1 handling qualities when the augmented 
aircraft can indeed follow the filter dynamics up to these 
frequencies.
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3.2 Outer-Loop Guidance Law Design 
In this section the guidance algorithm for the given 

waypoint trajectory will be designed. The structure of the 
guidance system for TR-KUAV in helicopter mode in this 
study is that the input variables are X(North), Y(East), 
Z(Down) positions in the inertial axes and the output variables 
are the attitude variables of roll and yaw angular velocity (p, r) 

and pitch angle (θ ) along with the collective control of the 

two main rotor ( cδ ). From the tilt-rotor UAV dynamics in 

helicopter mode, the force dynamics are represented in this 
form:

zyx uZuYuX === ,,              (25) 
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where zyx uuu ,, are pseudo control inputs, and 

)(⋅IBT means the coordinate transformation matrix from the 

body axes to the inertial axes.  
Now, the pseudo control inputs are defined in the PD-type 

controller.

)()( XXKXXKu c
o
dxc

o
pxx −+−=        (27) 

)()( YYKYYKu c
o
dyc

o
pyy −+−=          (28) 
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o
dzc

o
pzz −+−=         (29) 

From the fact that the force terms of yx FF ˆ,ˆ are negligible 

because of this fact : >>zF̂ yx FF ˆ,ˆ .
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Once the terms of Euler angle commands given in Eq.(31) 
and Eq.(32) are obtained, the input commands to the inner 
loop can be easily calculated. Also the collective control input 

cδ∆  is yielded from the linearized aerodynamic force of zF̂

in the body-fixed axes. 
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     (33) 

From Eq.(27)-Eq.(29) the PD gains are specified to satisfy the 

system specifications given as 1% settling time sec)15( <st

and max. overshoot ( %4=pM ) for good performance, and 

the damping ratio ( 7.0>ξ ) and the natural frequency 

( 4.0>nω ) for stability. 

3.3 Neural Network Design 
In the previous, the dynamic model inversion based on a 

linearized model in helicopter flight mode introduces the 
model error. Without compensation for this errors, the flight, 
the overall flight control algorithm for waypoint trajectory 
following can not have satisfactory stability and required 

performances. So we will introduce a neural network into this 
algorithm, especially in the inner-loop, to guarantee the global 
stability and to enhance performances. In this study, 
Sigma-Phi neural network (SPNN) is considered to cancel the 
error given in Eq.(22). The SPNN structure only for the 
longitudinal channel is depicted in Fig.3 where Π  means 
sum of each terms coming out of input field. Note that the 
similar structure of the SPNN is selected for the lateral 
channel. This neural network is defined to be adequate for our 
purpose:

),( UXWU T
AD β=             (34) 

where W means the weighting matrix to the basis 

functions )(⋅β and ),( UX  stands for the inputs of states and 

controls. Note that the basis function is the Kronecker product 
operator. The weights of SPNN in Eq.(34) are determined 
from the Lyapunov stability given in Eq.(13). 
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Fig.3. Sigma Phi Neural Network Structure 

 
4. SIMULATION RESULT 

So far the waypoint following algorithm for the tilt-rotor 
UAV under development in helicopter flight mode (e.g. 
nacelle angle 0deg) is designed in the neural network based 
adaptive nonlinear control technique.  

The tilt-rotor UAV is controlled in the control inputs 
coming from pilot sticks and pedal, and according to nacelle 
angle the rotor control inputs are changed. When the UAV is 
in the hover flight condition with nacelle angle 0(deg), the 
aerodynamic forces coming from elevator, rudder and aileron 
are relatively small so that they are negligible. However, in the 
airplane flight mode with the nacelle angle 90(deg), the blade 
angles for the left/right rotors are fixed but the thrust out of the  
engines can be controlled by the pilot collective stick of the 
tilt-rotor UAV. This TR-KUAV can be controlled by a single 
set of control sticks via control mixer for both of longitudinal 
and lateral motions. In Table 1, a trim condition for the 
linearized model of this vehicle at the forward velocity of 120 
knots and 1000ft altitude is given, and the stability analysis is 
conducted as shown in Table 2. 

4.1 Way Point Trajectory Following 

Waypoint trajectory following is the maneuver that the 
UAV follows some points specified along the flight path. In 
this study, the waypoint trajectory is given in Table 3 where 
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the trajectory altitude for the given flight path remains 
unchanged. It is observed from the numerical simulation that 
this would lead to large control changes since the trajectory 
change from one waypoint to another is discontinuous. So a 
2nd-order filter as a trajectory smoother is applied to heading 
and rate of climb. The nonlinear simulation results of the 
waypoint following are shown in Fig.4. The following 
performance is pretty much satisfactory in view of passing the 
assigned waypoint exactly. In Fig. 5, the three dimensional 
view of the maneuver performed is given where the altitude 
always keeps constant. Also the command following 
performance in the inner-loop is given in Fig. 6, where the 

commands of { ccc RP ,,Θ } to the inner-loop are followed by 

the attitude angles of the vehicle without any mismatch except 
the pitch response even though the error between the pitch 
angle and its command is minor. From these results, the SPNN 
works well for compensation for the dynamic model error in 
Eq.(23). Control responses do not show any problems such as 
saturation and limit cycle oscillation. 

 
5. CONCLUSION 

So far the waypoint trajectory following algorithm has been 
developed for TR-KUAV in helicopter flight mode. This 
algorithm is designed in the SPNN based dynamic model 
inversion. When the algorithm is evaluated in the nonlinear 
simulation, it shows good waypoint following performance 
even though linear model is involved in the model inversion 
producing model errors. 

Table 1. Trim Condition (120knots) 

state values control variables 

TV [ft/s] 202.560000 colX [in] 8.791102

α [deg] -9.534899 LNX [in] 2.317183

β [deg] 0.000203 LTX [in] -0.000017

Mβ [deg] 30 PDX [in]-0.000040

Ω [rad/s] 63.544086 [deg] 0 

h(ft) 1000 yF 1

Table 2. Stability Analysis 

Mode TR301 

Eigenvalue -1.23±2.63i 

Natural
Freq.(rad/s)

2.9 Short 
Period 

Damping
Ratio

0.424 

Eigenvalue -0.0761±9.05i

Natural
Freq.(rad/s)

0.98 

Longitudinal
Motion

Phugoid

Damping
Ratio

0.0838 

Eigenvalue -0.102±1.21i 

Natural
Freq.(rad/s)

0.158 
Dutch Roll 

Damping
Ratio

0.644 

Spiral Eigenvalue 0.0811 

Lateral
Motion

Roll
Subsidence

Eigenvalue -1.44 

Table. 3. Assigned Waypoints to Be Followed 

Point
X_North

(ft)
Y_East

(ft)
Altitude

(ft)
Velocity
(Knot)

0 0 0 1000 55 

1 1000 500 1000 55 

2 3000 500 1000 55 

3 3000 2000 1000 55 

4 5000 2000 1000 55 

5 5000 500 1000 55 
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Fig6. Time Responses for Waypoint Trajectory 
Following Maneuver 
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