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Abstract 
An improved real time identification method for tilt-rotor aircraft flight dynamics modeling is developed in this 
paper. A general parametric flight dynamics model which can be used for online identification purpose in all 3 
flight modes is established, and an unideal noise model is also built in order to minimize the influences to the 
identification accuracy caused by measurement noise. An adaptive model structure identification algorithm is 
established by introducing local accuracy criteria, so that the time variant optimal model structure can be 
obtained in real time. A weighted recursive least squares algorithm is established for parameter identification, 
and a time variant weighting matrix is designed to provide best numerical performance of the identification 
procedure at any time. A comprehensive nonlinear flight dynamics model of a sample tilt-rotor aircraft is used 
to build a numerical simulation platform and identification results of the sample aircraft in fixed wing mode, 
helicopter model as well as transition mode are obtained based on simulation flight test. Finally, the flight 
dynamics model of an unmanned tilt-rotor aircraft in helicopter mode is identified by using the real flight test 
data. The identification results show that the real time identification method for tilt-rotor aircraft developed in 
this paper is effective, efficient and robust. 
 
 
 
 
1. INTRODUCTION 

The tilt-rotor aircraft is a special aircraft which 
combines the advantages of both fixed wing 
aircraft and rotorcraft. It is also one of the 
promising configurations for high speed and 
heavy lift helicopters

[1-3]
. However, a tilt-rotor 

aircraft is also more complicated than 
conventional fixed wing aircraft and rotorcraft. It 
has 3 different flight modes, and the dynamic 
characteristic of each mode is different. In fixed 
wing mode, the tilt-rotor aircraft is weak coupled 
and the rotor is working in propeller mode, which 
means there is no flapping motion. However, in 
helicopter mode, a tilt-rotor aircraft is highly 
coupled, and the rotor flapping dynamics cannot 
be ignored anymore. In transition mode, the pylon 
tilting movement increases the complexity of the 
aerodynamic environment. At the meantime, the 
position of the center of gravity (C.G.) and the 
moment of inertia of the aircraft keep changing 
during transition flight.  
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The complexities of a tilt-rotor aircraft bring many 
difficulties in flight control system design

[4-6]
 as 

well as flying quality analysis and design
[7]

. One of 
the difficulties is lack of accurate flight dynamics 
model. However, due to the complicated dynamic 
behaviour of a tilt-rotor aircraft, it is still a 
challenging work to build flight dynamics model 
with high accuracy for such aircraft by using 
theoretical methods

[8]
. System identification, as 

one of the modern modeling technique, is an 
effective tool to increase the modeling confidence 
of complex system. It has been firstly applied in 
fixed wing aircraft flight dynamics modeling since 
1950s, and great success was made at early time. 
However, many difficulties were encountered 
when trying to apply system identification 
technique to rotorcraft flight dynamics modeling. 
These problems arose from many factors, such as 
the rotorcraft is a typical high order and highly 
coupled system and the quality of test data are 
usually poorer than fixed wing aircraft due to high 
level of measurement noise. Currently, there are 
many excellent methods that solved the system 
identification problem for conventional rotorcraft 
well in both time domain and frequency domain

[9-

11]
. Moreover, in order to increase the identification 

accuracy and robustness, many new identification 
methods that based on modern system 
identification theory have been developed for both 
fixed wing aircraft and helicopters in recent 
years

[12-14]
. For tilt-rotor aircraft, there are also 

many excellent works related to nonparametric 
and parametric identification problems have been 
done based on the flight test data of XV-15

[15-18]
. 

Besides offline system identification, there are 
also many research works concentrate on real 
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time identification technique. Recursive least 
squares algorithm and Kalman filter are the most 
commonly used methods for online system 
identification

[19-22]
. 

 
Although great achievements have been obtained 
in aircraft system identification during the past 
decades, difficulties are still remained in 
identifying complex aircraft such as tilt-rotor 
aircraft. The current identification method for tilt-
rotor aircraft is used for offline system 
identification purpose

[18]
. However, in some 

applications such as adaptive control system 
design, a real time identification module is 
required. Previous research works related to tilt-
rotor aircraft system identification were 
concentrated on helicopter mode (hover) and 
fixed wing mode (cruise flight), the identification 
problem in transition mode has not been 
investigated yet. However, the real time 
identification will be carried out in all flight modes. 
The current online identification methods are 
usually applied to simple models. However, a tilt-
rotor aircraft is a typical high order system, and 
the model structure may also be time variant since 
there are 3 different flight modes. Therefore, it is 
difficult to use current methods directly to identify 
such complex model. Moreover, the high level of 
measurement noise of tilt-rotor aircraft in 
helicopter mode and transition model will 
contaminate the flight data heavily, the influences 
of unideal noise must be considered during 
identification process. However, in current 
methods, the noise is usually treated as white 
noise, and a biased estimation of model 
parameters may obtained based on this 
assumption. 
 
In order to solve the above problems, an improved 
real time identification method for tilt-rotor aircraft 
flight dynamics modeling is developed in this 
paper. A general parametric flight dynamics model 

is established for all 3 flight modes, and an 
unideal noise model is also introduced to 
decrease the identification inaccuracy caused by 
measurement noise. Then local identification 
accuracy criteria are introduced to replace the 
overall criteria in model structure determination 
procedure. An adaptive model structure 
identification algorithm is then established. Finally, 
an improved online parameter estimation method 
which combines real time model structure 
determination and modified weighted recursive 
least squares algorithm is developed. The 
developed real time identification method is firstly 
applied to identify a tilt-rotor aircraft flight 
dynamics model in all 3 flight modes based on a 
nonlinear tilt-rotor aircraft simulation program. 
Then, the flight dynamics model of an unmanned 
tilt-rotor aircraft is identified based on the real 
flight test data in helicopter mode. 
 

2. A GENERAL PARAMETRIC MODEL FOR 
REAL TIME IDENTIFICATION 

A tilt-rotor aircraft has 3 different flight modes and 
the dynamic characteristic in each flight mode is 
different. However, in order to implement real time 
identification, a general parametric model for all 
flight modes is required. A linear time variant state 
space model is used in this paper, as shown in 
Eq. (1). 

(1)   ( ) ( ) ( ) ( ) ( ) ( )t t t t t t  x A x B u ε  

Where, x is state vector, u is control input vector, 
A is stability matrix, B is control matrix, ε is noise 
vector. 
 
In fixed wing flight mode, the rotor works like a 
propeller, and it does not flap. Therefore, a rigid 
body flight dynamics model is sufficient in this 
mode, and then the A and B matrix can be written 
as Eq. (2) and Eq. (3) 

 

(2)              
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0 0 0 0 0 0
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(3)                                            
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B  

It should be noticed that in this model, the trim 
values of attitude and velocities in body axis are 
time variant. The reason is in real time 
identification, the airspeed of the aircraft varies at 
a wide range. However, the linear model is valid 
only in a small range around baseline state. In 
practice, several baseline states are defined, and 
discrete trim values are used instead of continues 
function for convenient. 
 
In helicopter flight mode, the rotor flapping 
dynamics should be introduced. This is because 
the rotor flapping motion has large influences on 

the phase of frequency response. A simplified 
rotor flapping equation as shown in Eq. (4) is used 
in this paper. 

(4) 1

1

1 1 1

1 1 1

c long lat
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f s s c f long lat

f c c s f long lat

Lf p Lf Lf

Mf q Mf Mf

  

  
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      

      


     

 

In which, β1s is lateral flapping angle, β1c is 
longitudinal flapping angle, and τf is rotor flapping 

time constant.  
Then the stability matrix and control matrix in 
helicopter flight mode can be found in Eq. (5) and 
Eq. (6). 
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(6)                                                    
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In transition flight mode, besides rotor flapping, 
the pylon tilting motion changes the directions of 
rotor forces, C.G. position and moment of inertia 
of the aircraft. The consequence is the total forces 
and moments at C.G. position changes with 
different tilting angle. Considering that the tilting 
angle is controlled by pilot, it is not a free state, so 
the tilting angle should be treated as control input. 
Therefore, in transition flight mode, the stability 
matrix is the same as in helicopter flight mode. 
However, the control matrix now is extended as 
Eq. (7). The last column in Eq. (7) is control 
derivative vector of tilting angle input. 

(7) 
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It is apparently that in all flight modes, the linear 
state space flight dynamics model of tilt-rotor 
aircraft can all be written in Eq. (1). The stability 
matrix and control matrix in different flight modes 

will be submatrix of Eq. (5) and Eq. (7). Therefore, 
a general flight dynamics model for real time 
identification can be written as Eq. (8). 
(8) ( ) ( ) ( ) ( ) ( ) ( )w w w w w wt t t t t t  x A x B u ε  

Where, the weighted state vector, control vector, 
noise vector, stability matrix and control matrix are 
defined as Eq. (9) ~ Eq.(13) 

(9) 
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  
 
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 
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 
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 
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(12) 

11 12

A 11 A 12

w 21 22

A 21 A 22

 
  
 

W A W A
A

W A W A
 

(13) 

11 12
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w 21

B 21 2 1

 
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 
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B

W B 0
 

In Eq. (12), matrix A11, A12, A21 and A22 are 
submatrix of Eq. (5). In Eq. (13), B11, B12, and B21 
are submatrix of Eq. (7). 
 
In fixed wing flight mode, the values of each 
weighting matrix can be found in Eq. (14) 

(14) 
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Similarly, the values of each matrix in helicopter 
flight mode and transition flight mode can be 
found in Eq. (15) and (16) respectively. 

(15) 

,

,

, ,
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(16) 
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3. IMPROVED ONLINE IDENTIFICATION 
METHOD 

In real time identification, one difficult problem is 
the flight state of the aircraft may vary in a wide 
range and there will be no time invariant trim 
state. Therefore, a fixed or general optimal model 
structure which is used in offline identification 
does not exist. However, in current online 
identification methods, constant simple model 
structures are commonly used. Such constant 
model structures may decrease the accuracy of 
parameter estimation. Another difficult problem is 
the collected flight state data are usually 
contaminated by measurement noise. In offline 
identification, a comprehensive data processing 
procedure is applied before model identification. 
However, in real time identification, it is impossible 
to carry out such procedure. So the influences of 
noise to identification accuracy must be 
considered. In current online identification 
methods, white noise assumption is commonly 
used. However, the real measurement noise is 
always colored. Therefore, the white noise 
assumption may bring a bias in parameter 
estimation. In order to solve the above problems, 
an adaptive model structure determination method 
and an improved online parameter estimation 
algorithm with colored noise model are developed 
in this paper. 
 
3.1. Adaptive model structure detemination 

The general model structure of tilt-rotor aircraft 
can be changed in different flight modes 
according to Eq. (8) ~ Eq. (16). In each flight 
mode, a real time model structure determination 
procedure can be implemented based on 
numerical analysis. The main idea is to calculate 
local Cramer-Rao bound and Insensitivity function 
in real time, and then a cost function based on 
these two criteria can be established for each 

parameter. Finally, the model structure is adjusted 
according to the value of cost function. 
 
The local Cramer-Rao bound and Insensitivity 
function for each parameter can be defined as Eq. 
(17) and (18) respectively. 

(17) 
1( )i ii

CR H  

(18) 
1( )i ii

IS H  

Where, H is local Hessian matrix, as defined in 
Eq. (19) 

(19) 
1

T
t t

t

ij t t

i j

  
  

  

υ υ
H R

θ θ
 

In which, υ is model prediction error as defined in 
Eq. (20), θ is model parameter vector to be 
identified, R is error covariance matrix.  
 
It should be noticed that, the error vector and 
model parameter vector are all real time values in 
Eq. (19). However, the covariance matrix R which 
can be written as Eq. (21) will be average value in 
a time sequence with length L. 

(20) 
t t t

w measure υ x x  

(21) 
0

0

( 1)
1

( )
t L t

t t T

t tL

  



 R υ υ  

The partial derivatives in Eq. (19) can be obtained 
by solving the parameter sensitivity equation as 
written in Eq. (22). 

(22) w w w w
w w w

d

dt

    
   

    

x x A B
A x u

θ θ θ θ
 

The cost function for real time model structure 
identification can be defined as Eq. (23). 

(23) critical i critical i
i

critical critical

J
 

 
CR CR IS IS

CR IS
 

Where, CRcritical and IScritical are critical values of 
Cramer-Rao bound and Insensitivity function 
respectively.  
 
It is apparently that in Eq. (17) ~ Eq. (23), every 
vectors and matrix are local variables except 
covariance matrix R. In order to increase the 
computational efficiency of Hessian matrix, which 
is very important in real time identification, a 
recursive calculation of inverse matrix R

-1 is 
required. Therefore, the recursive formula of R

-1 
can be derived as follows. 
Assume: 

0

0

( 2)

1 ( )
t L t

t t T

t

t t

  





 V υ υ ,  

0 ( 1)ct t L t     is current time, then,  
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(24) 
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 
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
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According to matrix inversion lemma, Eq. (24) can 
be written as: 

1 1 1 1 1 1

1 1 1 1( ( ) ) ( )c c c ct t t tT T

t t t t tL     

   
    R V V υ I υ V υ υ V

It should be noticed that, υ is a 1m vector, R

and V are m m matrix. So 
1

1( )c ct tT

t



I υ V υ is a 

scalar, then 

(25) 

1 1
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1
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c c

c c

c c

c c
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t t T

t t
t t t tT

t

t t T

t t
t t tT

t

t t T

t t
t t tT

t

L
L

L L

L L L

L

L L

 
   

 



 
  
 



 
  
 



 


 
   

 
  

   

V υ υ V
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R υ υ R
R

υ R υ

R υ υ R
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According to above equations, the real time model 
structure determination procedure can be 
summarized as Fig. 1. 
 

 
Fig. 1 Real time model structure identification 

The maximum data length Lmax is used to prevent 
data saturation problem in calculation of R

-1. 
When the data length reaches Lmax, the 
covariance matrix is reset based on current model 
prediction error.  
 
If the cost function is minus for certain model 
parameter, it means that the overall identification 
accuracy of this parameter is poor. It also 
indicates the current measurement data cannot 
provide sufficient information to modify this 
parameter. Therefore, it does not need to update 
the value of this parameter in this step.  
 
The model structure identification is able to select 
the most sensitive parameters for parameter 
estimation. The optimal model structure is 
maintained all the time, and it helps to increase 
the accuracy of parameter estimation. 
 

3.2. Online parameter estimation 

After model structure determination, the remaining 
problem is online parameter estimation. 
Considering that the measurement data of tilt-
rotor aircraft may be contaminated heavily by 
unideal measurement noise, a colored noise 
model is introduced in this paper. Then in order to 
apply adaptive model structure identification in 
parameter estimation, an improved weighted 
recursive least squares algorithm is established. 
 
The colored noise model could be written as Eq. 
(26). 

(26) 1 2( ) ( ) ( ) ( 2 )t t t t t t     ε ξ d ξ d ξ  

Where, ε is colored noise vector, ξ is noise 
description vector which can be approximated by 
model prediction error, d1 and d2 are noise model 
parameter vector, Δt is sampling time interval. 
 
Combine Eq.(8) and Eq. (26), a regress model for 
parameter estimation can be obtained as Eq. (27). 

(27)    ( ) ( ) ( )Tt t t y h ξ  

Where, y is output vector, h is regression matrix 
which has the form as Eq. (28). 

 

(28) 

1 1

2 2

( ) ( ) ( ) ( 2 ) 0 0 0 0 0

0 0 ( ) ( ) ( ) ( 2 ) 0 0 0
( )

0 0

0 0 0 0 ( ) ( ) ( ) ( )

T T

T T

T

T T

m m

t t t t t t

t t t t t t
t

t t t t t t

 

 

 

   
 

   
 
 

   

x u

0 0 x u
h

0 0 0 0 x u

 

 
In which, x is state vector, u is control input vector. 
The dimension of x and u can be determined 

according to Eq. (9) and (10).  
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Then parameter estimation in each sampling time 
can be done by using Eq. (29).  

(29)
1

ˆ ˆ ˆ( ) ( ) ( ) ( )[ ( ) ( ) ( )]

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

T

T

T

t t t t t t t t t

t t t t t t t t

t t t t t



     



      


     

θ θ Q K y h θ

K P h h P h I

P I K h P

 

Where, P can be defined as Eq. (30), Q is model 
structure weighting matrix. 

(30)  
1

( ) ( ) ( )Tt t t


P h h  

 

Matrix Q is a n× n diagonal matrix, and n is 

current dimension of θ vector. The values of the 
diagonal elements in Q can be determined by Eq. 
(31), and these values will only be 1 or 0. So the 
introduction of this weighting matrix has no 
influence on the computational efficiency of 
original recursive least squares algorithm. 

(31) 
1, ( ) 0, 1,2, ,

( )
0, ( ) 0, 1,2, ,

i

ii

i

if J t i n
t

if J t i n

 
 

 
Q  

 
The final online parameter estimation algorithm 
can be described by Fig. 2. 
 

 
Fig. 2 Online parameter estimation algorithm 

 
The same as in model structure identification, a 
window with length WL is used to solve the data 
saturation problem in online system identification. 
When the data length reaches WL, the covariance 

matrix P will be calculated according to current 
regression matrix by Eq. (30). 
 

4. APPLICATIONS TO TILT-ROTOR 
AIRCRAFT MODEL IDENTIFICATION 

The developed online system identification 
method is firstly applied to a sample tilt-rotor 
aircraft based on a nonlinear simulation 
programme. The basic simulation environment is 
shown in Fig. 3. 
 

 
Fig. 3 Simulation environment of tilt-rotor aircraft 

 
Because the tilt-rotor aircraft is an unstable 
system, so a feedback control system is used to 
stabilize the aircraft. In order to eliminate high 
correlations in different control input signals which 
is usually caused by feedback control system, 
different white noise signals were added in each 
control channel. Moreover, in order to consider 
the influences of unideal noise, different colored 
noise models were introduced to contaminate the 
output data in Fig. 3. 
 
Identification were conducted in helicopter mode, 
transition mode and fixed wing mode based on 
the simulated flight test. Table 1 shows some of 
the main derivatives identified by the established 
identification method in helicopter mode (hover). 
In order to check the improvements of this paper’s 
method, identification results based on 
conventional recursive least squares (RLS) 
method are also listed in the table. The 
comparison shows that, the overall identification 
accuracy of this paper’s method is better than 
conventional RLS method, especially for those 
derivatives in the channel with low signal to noise 
ratio. This can be further proven by Fig. 4. The 
prediction error of the identified model using this 
paper’s method is smaller than that based on RLS 
method. In vertical channel, the signal to noise 
ratio is very low, the difference between the two 
identified models is quite obvious. For 
conventional RLS method, there is no noise 
model, and the noise is treated as white noise. 
Therefore, the predicted w (vertical speed in body 
axis) curve is quite smooth. Moreover, an obvious 
bias in this curve can be found due to white noise 
assumption. However, in this paper’s method, the 
colored noise is well modelled, so the noise signal 
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is also well predicted and the bias in predicted w 
curve is also eliminated. The identified parameters 
of colored noise model are shown in Table 2. The 
identification accuracy is satisfactory too. 
 

Table 1 Identification results in helicopter mode 

Derivatives True Value 
Identified in 
this paper 

Identified by 
RLS method 

Xu -0.023 -0.021 -0.019 

Xw 0.025 0.023 0.012 

Xp -0.078 -0.083 -0.091 

Xq 0.856 0.861 0.796 

Xβ1c 10.76 9.35 8.86 

Xδlong -0.051 -0.058 -0.061 
Xδcol 0.0296 0.0321 0.0357 

Yv -0.047 -0.045 -0.049 

Yp -0.525 -0.517 -0.538 

Yq -0.109 -0.121 -0.125 

Yβ1s -10.76 -9.47 -9.13 

Yδlat 0.0287 0.0295 0.0276 

Zw -0.2931 -0.285 -0.219 

Zq 0.11 0.162 0.371 
Zδcol -0.241 -0.223 -0.183 

Lu 0.25 0.217 0.192 

Lv -0.135 -0.128 -0.173 

Lp -3.551 -3.625 -3.387 

Lq -2.272 -2.585 -2.032 

Lβ1s -22.38 -20.334 -18.871 

Lδlat 0.1334 0.1567 0.1681 

Mu 0.012 0.009 0.005 
Mw 0.0066 0.0053 0.0041 

Mq -0.8161 -0.823 -0.785 

Mβ1c -8.257 -8.16 -7.97 

Mδlong 0.0335 0.0345 0.0318 

Nv 0.032 0.031 0.045 

Np -0.1013 -0.096 -0.087 

Nr -0.3342 -0.3152 -0.2993 
Nδped 0.114 0.109 0.1071 

 

 

 
Fig. 4 Verification of identified model in helicopter 

mode 
 
 

Table 2 Identification results of noise parameters 
Parameters True Value Identified Value 

d11 0.6 0.51 

d12 0.3 0.17 

d21 1.0 0.98 

d22 0.2 0.12 

d31 0.8 0.76 

d32 0.1 0.006 
d41 1.0 0.87 

d42 0.2 0.13 

d51 0.6 0.57 

d52 0.3 0.121 

d61 0.9 0.88 

d62 0.4 0.29 

d71 1.0 0.91 

d72 0.2 0.13 
d81 0.6 0.55 

d82 0.3 0.22 

 
In transition mode, additional control derivatives 
were identified, Table 3 shows the identification 
results of pylon derivatives, and Fig. 5 shows the 
verification results in this flight mode. In order to 
maintain stability in this flight mode, very small 
perturbation control signal was applied. Therefore, 
noise signal is removed in the simulation 
procedure to ensure the response signal could 
provide sufficient information for model 
identification.  
 

Table 3 Pylon derivatives identification results 
Parameters True Value Identified Value 

Xβp 0.306 0.289 

Zβp 0.285 0.238 

Mβp 0.016 0.011 
Nβp 0.012 0.009 

 

 

 
Fig. 5 Verification of identified model in transition 

mode 
 
Finally, the flight dynamics model of tilt-rotor 
aircraft in fixed wing mode was identified. Fig. 6 
gives the verification results. Because the model 
is weak coupled in fixed wing mode, the model 
structure is simpler than those in helicopter and 



sPage 9 of 10 

 

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018  

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s). 

transition mode, so the identification accuracy is 
even higher in this flight mode. 
 

 

 
Fig. 6 Verification of identified model in fixed-wing 

mode 
 
The identification results based on simulation 
flight test indicate the developed real time 
identification method works well. It can identify the 
flight dynamics mode of tilt-rotor aircraft with 
sufficient accuracy in every flight modes. 
However, it still needs real flight test data to verify 
the effectiveness of this method.  
 

 

 
Fig. 7 Verification of accelerations between 

identified model prediction and flight test data in 
hover state 

 
A model scale tilt-rotor aircraft is used for 
identification data generation flight test. Since the 
transition mode is quite unstable and dangerous, 
the flight test was only carried out in helicopter 

hover state. Several groups of frequency sweep 
excitations were applied to the test aircraft. One 
group of test data was used for identification, the 
rest data were used for verification. Fig. 7 and Fig. 
8 show the verification results. 

 

 
Fig. 8 Verification of states responses between 
identified model prediction and flight test data in 

hover state 
 

5. CONCLUSIONS 

An improved real time identification method for tilt-
rotor aircraft is developed in this paper. The main 
achievements are summarized as follows: 
 
1) A general weighted time variant linear state 
space model is established for tilt-rotor aircraft. 
This model can be used in helicopter mode, 
transition mode as well as fixed wing mode. The 
benefit of this general model is a unified 
identification procedure can be obtained in all 
flight conditions. 
 
2) An adaptive model structure identification 
algorithm is developed. A cost function based on 
local Cramer-Rao bound and Insensitivity function 
is established to implement model structure 
identification in real time. Therefore, the optimal 
model structure is maintained all the time during 
parameter estimation procedure. 
 
3) Improved online parameter estimation 
algorithm is developed. Colored noise model is 
introduced to eliminate parameter estimation bias 
caused by white noise assumption which is 
usually applied in conventional online parameter 
estimation procedure. A weighted recursive least 
squares algorithm is established to combine the 
parameter estimation with adaptive model 
structure identification. The comprehensive 
identification method shows good identification 



sPage 10 of 10 

 

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018  

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s). 

accuracy for both aircraft parameters as well as 
noise parameters.  
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