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The recent improvements and research on 
aviation have focused on the subject of air-
craft safe flight even in severe weather condi-
tions. As a type of such weather conditions, 
aircraft icing has been found considerably 
negative effect on the aircraft flight perform-
ance. Furthermore, this phenomenon has re-
sulted in several fatal accidents. Ice may oc-
cur on wings, control surfaces, horizontal and 
vertical stabilizers, fuselage nose, landing 
gear doors, engine intakes, fuselage air data 
ports, some sensors and drain system outputs. 
This study examines the wing icing occur-
rences in flight. 

In early 1990, in [1] very useful data was 
obtained regarding the effects of aircraft icing 
to aircraft stability and control. As soon as 
aircraft icing was announced as a prior issue 
on 1997, NASA established a team called Ic-
ing Research Group. In [2] aircraft icing from 
several different viewpoints was investigated 
and a Smart Icing System was proposed. Rib-
bens and Miller [3] tried to detect tail icing by 
evaluating the decrease of elevator effective-
ness via Failure Detection Filter. In [4], these 

researchers used a state estimator as a type of 
Luenberger Observer. These studies showed 
that icing detection via statistical error analysis 
of states was more effective than online pa-
rameter estimation. With NASA support, Rat-
vasky and Zante examined experimentally and 
analytically the effects of tail icing [5]. In [6-7] 
H-infinity algorithm to icing identification 
problem was applied. It was claimed that pro-
posed method is better than least square estima-
tion methods and Extended Kalman Filter 
(EKF) methods. Schuchard, et al. have worked 
on tail icing detection and classification by es-
timating icing affected parameters and sensor 
information via neural network (NN) [8]. John-
son and Rokhsaz have proposed a method de-
tecting icing via neural networks and Kohonen 
Self Organizing Maps (SOMs). By observing 
NN connection weights’ changes, they have 
tried to find iced and clean aircraft model via 
SOMs. In that research, the effects of atmos-
pheric turbulence and elevator input signal to 
icing identification were presented [9]. 

In this work, icing identification based on 
EKF and NN is applied to F16 aircraft. 
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Design of the EKF for the F16 aircraft 
model estimation 

In-flight icing detection and identification 
is applied to an unstable MIMO model of an 
AFTI/F-16 fighter. The fighter is stabilized by 
means of a linear quadratic optimal controller. 
The model of the fighter is as follows [10]: 

)())(()()()1( kkkkk GwxFBuAxx +++=+  
…(1) 

where A, B, G, and F are system matrix, con-
trol distribution matrix, process noise distri-
bution matrix, and matrix containing nonlin-
ear terms, respectively. The aircraft state vari-
ables are: 

[ ]Trpqv ψφβθα=x  

where, v is the forward velocity, α is the an-
gle of attack, q is the pitch rate, θ is the pitch 
angle, β is the side-slip angle, p is the roll 
rate, r is the yaw rate, φ is the roll angle, and 
ψ is the yaw angle.  

The fighter has six control surfaces and 
hence six control inputs are: 

[ ]TRCFLFRHLHR δδδδδδ=u  

where δHR and δHL are the deflections of the 
right and left horizontal stabilizers, δFR and 
δFL are the deflections of the right and left 
flaps, δC and δR are the canard and rudder de-
flections. w(k) is the zero mean process noise 
vector.  

In order to obtain efficient train samples 
by decreasing noise effects, EKF is used in 
this study. Below the EKF to estimate the F-
16 aircraft motion is designed. Let us define 
the parameters vector as )()( kk xU =  and ap-
ply the EKF to estimate this vector. The 
measurement equations can be written as:  

)()()( kkk mvHUz +=              (2) 

where H is the measurement matrix, vm(k) is 
the measurement disturbance, and its mean and 
correlation matrix respectively are: 

E[vm(k)] = 0;    E[vm(vm
T

 (j)] = R(k)δ(kj). 

By using quasi-linearization method let us 
linearize the model equation of the fighter by 
replacing x with U: 

U(k) =  f[Û(k-1)]  +  Fu[U(k-1) - Û(k-1)] 
 + B(k-1)u(k-1)                           … (3) 

where f[Û(k-1)] is right hand side of (1) when 
the parameters are replaced by their estimated 
values, and 

)1-(ˆ k

f
u Uu

F
∂
∂

= .By using the previ-

ously proposed method [10], the following re-
cursive EKF algorithm for the state vector of 
the F-16 aircraft motion is obtained as 

Û(k)=f[Û(k-1)]+P(k)HTR-1{z(k)-Hf[Û(k-1)} 
…(4) 

P(k)=M(k)-M(k)HT[R+HM(k)HT]-1 H M(k) 
…(5) 

M(k)=Fu P(k-1) Fu
T + B Du BT + GDδGT 

…(6) 

where P(k) is the covariance matrix of the es-
timation error, M(k) is the covariance matrix of 
the extrapolation error, Du is the covariance 
matrix of the control input error; G is the trans-
fer matrix of the system disturbance, Dδ is the 
covariance matrix of the system disturbance. 

Since the aircraft is unstable, it is stabilized 
by the linear quadratic control technique. The 
performance index to be minimized is as fol-
lows: 

[ ]dt
t

TT
P ∫ +=

0

uRuxQxJ         (7) 

where Q is a semi-positive definite symmetric 
matrix and R is a positive definite symmetric 
matrix. The control input is computed as: 

u = R-1BTKx                        (8) 
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where K matrix is computed from the follow-
ing Riccati equation: 

ATK+KA+QTQ-KBR-1BTK=0        (9) 

Aircraft icing 

In-flight icing decreases the aerodynamic 
quality of aircraft such that aircraft weight in-
creases, drag increases, lift decreases, and 
hence the effectiveness of angle of attack and 
pitch angle changes. The experimental studies 
have showed that, in the result of wing icing, 
drag may increase to values of 500%, and lift 
may decrease to values of 40%. The effect on 
moments may vary. Accordingly, the effec-
tiveness of control surfaces may decrease [11-
12]. All these directly affect aircraft safe 
flight. As well as this subject is clearly impor-
tant in the respect of aviation safety, by taking 
into account extra fuel consumption due to ic-
ing, it is important for economical reasons.  

It is clearly obvious that military aircraft 
have to fly at all places on air and weather 
conditions as possible. On the other hand, in-
tensive air traffic has forced the aircraft could 
fly at all weather conditions. Civil aviation 
authorities and other organizations such as 
Federal Aviation Authority, FAA, and Joint 
Aviation Authority, JAA, which provide air-
craft certificates and quality assurances, have 
restricted the flight of the aircraft which are 
not installed anti-icing system and icing de-
tection system. In order to make sure that 
whether aircraft is safe on icing weather con-
ditions, or not, the flight tests are mandated 
by these organizations prior to first aircraft 
approval. These flight tests are too time-
consuming and expensive. Instead of these 
tests, flight simulations of exactly modeled 
iced aircraft by using modern technology 
products would be better for aircraft manufac-
turers. At least, these simulations could sup-
port to flight tests data. 

Some icing sensors in nose sections are 
used on some modern aircraft to detect in-

flight icing. However, these sensors only show 
an indication or a possibility for icing when it 
comes to some levels. They do not measure the 
icing effects. It is impossible to evaluate the 
degradation of aircraft performance due to in-
flight wing and tail icing. Hence, the existing 
sensors do not provide enough information to 
pilot or autopilot. 

Parameters affected by the icing 

As explained above, icing results in de-
creasing aircraft aerodynamic performance, 
which are affected by changes in lift, drag and 
pitch moment, and their effectiveness with re-
gard to aircraft position angles and velocities. 
In common representatives of aircraft lin-
earized dynamic equations, variation of stabil-
ity and control derivatives may reflect this ef-
fect. Especially, the researches in NASA Icing 
Research Group and Icing Institute of Illinois 
University have showed that the most affected 
parameters from in-flight wing icing are fol-
lowing [6]:  
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As well as ice accumulation generally in-
creases the drag parameters (

αDC ), it decreases 

moment and lift parameters (
αLC , 

qLC , 
αMC , 

and 
qMC ). In this study, as being in the previ-

ous research on icing, the changes of other de-
rivatives are assumed small and negligible. 
When the matrix form of aircraft equations are 
examined, the relevant five stability derivatives 
are the terms of the matrix A as follows 

)-()2,1( 1 LD CCk
α

=A           (11)       

)()2,2( 2 DL CCk +=
α

A           (12) 
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qLCk3)3,2( =A                    (13)                      

α
= MCk4)2,3(A                   (14) 

qMCk5)3,3( =A                    (15)     

where constants ki , i = 1,2,3,4,5,  depend on 
the following parameters; dynamic pressure, 
the reference wing area, aircraft trim speed, 
wing chord length and aircraft inertial mo-
ment per aircraft pitch axis. These constants 
can be assumed as fixed for approximately 60 
sec for cruise. These constants may be calcu-
lated from certain flight conditions such as 
take off, climb, cruise, and landing. 

Icing detection by the innovation approach 

Innovation is defined as a process of the 
differentiating between the actual system out-
put and the predicted output based on past 
outputs. In order to detect the faults, which 
change the mean of the innovation process, 
the below statistical function is used [14]. 

∑
+−=

=β
k

Mkj

T jjk
1

)(~)(~)( ∆∆                (16)   

Here  ∆~  is the Kalman filter normalized inno-
vation process, and M is the window length. 
This statistical function has Ms degree of free-
dom where s is the number of measurements. 
This function has χ2 distribution properties. 
There are two hypotheses; H0 is the the case 
that the system works in normal conditions, 
and H1 is the case that the system is faulty. 
When hypothesis H1 is correct, then α-reliable 
χ2 probability level for H1 is higher than the 
level for H0.This can be expressed as follows:  

H0 : β(k) ≤ χ2
α,Ms      ∀k 

H1 : β(k) > χ2
α,Ms       ∃k 

This study considers the wing icing in 
flight as a fault. 

NN model for icing parameter estimation 

NNs have increasingly been shown as viable 
tools for mapping nonlinear systems and for the 
purpose of parameter identification. It is very ef-
ficient method in the analysis of nonlinear and 
complex models if enough data are available for 
its training phase. Unfortunately, icing in flight 
occurs in many different ways, and there is no 
enough training data available regarding stability 
and control derivatives. There are little data only 
for a few research aircraft obtained from tunnel 
test or flight test. This study aims to find the sta-
bility derivatives of clear and iced configuration. 
By monitoring the flight data, changes in these 
derivatives are found, and a fault signal can be 
built up according to change level. 

In this study, since there are nine states 
measured and five parameters to be estimated, a 
NN structure having nine inputs and five outputs 
is presented. One hidden layer having tangent ac-
tivation function is proposed. In the output layer, 
linear activation function is used. This NN is 
trained with the estimates of EKF previously 
proposed.  

For training method the Levenberg-
Marquardt Backpropagation Algorithm (LMBA) 
is used to maintain second-order training speed 
without having to compute the Hessian matrix, 
which includes the second derivatives of the net-
work output errors (e) per network weights and 
biases (NW). Error represents the difference be-
tween network output and actual or simulated 
value, i.e. desired value. NN model of the aircraft 
can be calculated as below: 

NWk+1 = NWk - [JTJ+µI]-1JTe 

where J is the Jacobian matrix that contains first 
derivatives of the network errors with respect to 
the weights and biases. The Jacobian matrix can 
be computed through a standard backpropagation 
technique. µ is the parameter of LMBA to make 
the network faster and more accurate every step 
forward. If  µ  is zero, the method becomes the 
basic Newton’s optimization method. When  µ  is 
large, this becomes gradient descent with a small 
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step size. Newton’s method is quicker and more 
accurate near an error minimum. Therefore, the 
aim in LMBA is to shift towards Newton’s 
method as quickly as possible. 

Simulations 

The proposed method is applied to several 
model configurations. Both training and valida-
tion is performed either only clean or only iced 
F16 model. Batch size for training is chosen 
such that icing can be detected within a certain 
time frame. All states are filtered through EKF 
so that measurement noise levels are considera-
bly compensated.  

Fig. 1 shows the icing parameters varia-
tion during 8min-simulation time frame. Note 
that no icing occurs between 0-1. Solid and 
dashed lines represent the clear and iced cases, 
respectively. Fig. 2 shows the variation of the 
EKF estimates for pitch angle. Solid and 
dashed lines represent actual or simulated 
states and EKF estimates, respectively. Fig. 3 
shows the normalized innovation sequence for 
pitch angle. Threshold value (196) is obtained 
from 90% reliable χ2 distribution properties. 
As shown increasing icing condition for one 
simulated flight is detected 3 min. later than 
the start of icing, i.e. the detection time is 
around min 4. 
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Fig. 4 shows the control surface deflec-
tion at normal linear quadratic control rule. 
Note that the aircraft will not be controlled af-
ter around 7.8min. Fig 5 shows the outputs of 

NN model and simulated parameter values at 
training stage as dashed and solid lines, respec-
tively. The error history is also given in the up-
per side of the figure. Figure 6 shows the out-
puts of NN model and simulated parameter 
values at the identification stage as dashed and 
solid lines, respectively.  

Fig 7 shows the control surface deflections, 
as dashed lines, based on the identified NN 
model in terms of five icing parameters and linear 
quadratic control rule. Solid lines in the figure 
represent the normal control surface deflections 
shown in Fig 4.  

Conclusion and comments 

In-flight icing at aerodynamic surfaces such 
as wing affects several aircraft flight dynamic pa-
rameters. In order to capture icing effect on air-
craft performance, these parameters have been 
calculated. Determination of stability derivatives 
affected by icing is very difficult experimentally 
or analytically. A suitable inverse NN modeling 
of flight dynamics could estimate uncertain sta-
bility derivatives related with icing effects. In this 
research, identification based on NN and EKF 
has been applied to F16 aircraft flight dynamic 
model. Inverse NN model of the aircraft flight 
dynamic model is produced for icing parameters’ 
identification. In order to identify in-flight icing, 
aircraft should have sufficient dynamical proper-
ties or certain level model noises. As a nonlinear 
F-16 aircraft model is simulated in a time de-
pendent manner by entering various stability de-
rivatives for a certain time which ice is detect-
able, the necessary training samples can be col-
lected. In this method training process of NN is 
off-line, and application is on-line. The more 
model noise exists, the less validation noise be-
comes, but the worse training performance gets.  

In NN process, simulated data have been 
used. In future studies, the actual flight testing 
data will be used. The proposed icing identifi-
cation method can be used as an analytical sen-
sor to measure icing effects. Using of the exist-
ing ice detection sensors increases the reliabil-
ity of the method. 
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