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ABSTRACT 
Electro-mechanical actuation (EMA) is pursued for primary 
flight control of future commercial aircraft. This technology is 
expected to save effort and related cost of manufacture and 
maintenance. 
Primary flight control EMAs will be typically designed to 
have a high gear ratio between the motor and surface. This 
involves significant inertia and friction torques that must be 
handled by the actuator controller. The friction can vary 
substantially, since the actuators are exposed to changing 
loads and a wide temperature range. 
This paper describes a state observer that estimates an EMA’s 
friction. It is assumed to include a static and a viscous share. 
The observer is employed for an adaptive concept of surface 
torque control. 
The described concept has been investigated by means of 
simulation, test rig experiments are being prepared. 
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I INTRODUCTION 
Electric and hydraulic actuators are controlled differently. For 
the latter, the motion rate depends on the servo-valve current. 
It is thus obvious to regulate the position, which is well 
established in contemporary flight control systems. 
An electric actuator’s (electro-mechanical or electro-
hydrostatic, EMA or EHA) output torque is nearly 
proportional to the motor current. Thus, regulating the surface 
torque appears feasible and attractive, since an aircraft’s 
motion is governed by aerodynamic forces. A flight control 
system that regulates surface torques can be simpler than the 
state-of-the-art, because the torque demands around the 

aircraft axes do not need to be converted into surface position 
demands. Rather, they can be used directly for signalling the 
torque-controlled actuation. As a by-product, a dynamic gust 
load alleviation is achieved (Schallert and Kowalski, 2023). 
Aircraft control using surface torques has been successfully 
demonstrated by the DLR in collaboration with the TU Delft 
on the PHLAB test aircraft, a modified Cessna Citation 550 
(van der Linden et al., 2018), (Pollack et al., 2019). This 
aircraft has a mechanical, reversible flight control system with 
negligible friction. 
For larger aircraft with irreversible flight control systems, 
typical high gear ratio EMA designs involve significant 
friction that can vary substantially, since the actuators carry 
changing loads and are exposed to a wide temperature range 
(Maré, 2012), (Maré, 2014). The variation of friction must be 
considered for an EMA torque controller. 
Hence, this paper describes a state observer that estimates an 
EMA’s friction. It is assumed to include a static 𝜏  and a 
viscous 𝜏  share that depend on the speed. The observer is 
designed to separately recognise the static and viscous friction 
parameters that change relatively slowly with the temperature. 
Since the observer shall suit for implementation on an EMA’s 
control unit and needs to be real-time capable, dependency of 
the friction on load or the Stribeck effect are omitted for 
simplicity. 
The state observer is employed for an adaptive concept of 
surface torque control (Schallert and Michel, 2023), as 
depicted in Figure 1. The controller includes a feedforward 
(FF) and a feedback (FB). The FF is essentially an inverse 
model of the plant, i.e. the EMA, that computes the motor (M) 
voltage required to move the flight surface according to the 
torque demand 𝑇 . To this end, the feedforward 
compensates, amongst others, the plant’s inertia and friction. 
Generally, a state observer is a model of the corresponding 
plant used to reconstruct non-measurable plant states. As 
depicted, the observer receives the same input vector 𝑢 as the 
plant. By feedback of 𝐾∆𝑦 𝐾 𝑦 𝑦 , i.e. an amplified 
difference of the measurements 𝑦 and observer outputs 𝑦, the 
observer states 𝑥 track those of the plant. Friction estimation 
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is performed by two additional observer states �̂�  and �̂�  
that are low-pass filtered to adapt the controller. 
Related observer concepts are also known as online parameter 
estimation; for instance, as described by (Olsson and Astroem, 
1996), (Schuette et al., 1997) and (Beckmann et al., 2015). 
Adhesion estimation is important also in rail transportation, 
where suitable observers have been developed by (Schwarz et 
al., 2019) and (Schwarz and Keck, 2019). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

II FRICTION ESTIMATION 
2.1 Friction Model 
The observer uses the following non-linear definition of the 
friction torque 𝑇  dependent on the speed 𝜔 (Reiner, 2010): 
 

𝑇
2𝜏

1 𝑒
𝜏 𝜏 𝜔 (1) 

The stiction and viscous friction are denoted by 𝜏  and 𝜏 , 
respectively, as shown in Figure 2. For invertibility, the 
stiction is approximated near zero speed with the steepness 
denoted by 𝑠. This invertible, continuous friction model has 
proven to be suitable for model-based control of industrial 
robots (Reiner, 2010), and hence it is used as well for the 
control concept and state observer described in this paper. 
 
2.2 State Observer Model 
In its general form, a non-linear state observer is described as 
 

𝒙 𝑓 𝒙 𝑩𝒖 𝑲∆𝒚, (2) 

in which 𝒙 denotes the state vector, 𝑓 𝒙  a non-linear function 
of the states 𝒙, 𝑩 the input matrix, 𝑲 a feedback matrix and 𝒚 
the measurable outputs. Observer quantities are marked with 

. By feedback of 𝑲∆𝒚 𝑲 𝒚 𝒚 , the differences between 
the observer states 𝒙 and the actual plant states 𝒙 are 

minimised. This way, the interior, non-measurable plant 
states, such as friction, are identified. 
For an EMA, the following non-linear, continuous state 
observer model is established: 
 

𝜑 �̂� �̂� 𝜑 𝐼 𝑇

              (3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The motor current, actuator output torque and observer input 
vector are denoted by 𝐼, 𝑇 and 𝒖 𝐼,  𝑇 , respectively. 
Furthermore, 𝑘  specifies the motor torque coefficient, 𝐽  
the actuator’s total coupled inertia, and 𝑅 𝜑 𝜑⁄  the 
total gear ratio, as indicated in Figure 1. The surface angle, 
angular velocity and acceleration are denoted by 𝜑, 𝜑 and 𝜑, 
respectively. The estimated stiction and viscous friction are 
referred to the motor shaft and are denoted by �̂�  and �̂� . 
The angular velocity is converted to the motor shaft by 𝜔
𝑅𝜑, refer to equation (1). Thus, equation (3) resembles the 
first two terms of the general form given by equation (2). As 
regards the third term 𝑲∆𝒚, it is described by equations (10) 
and (11) how the measurements 𝑦 𝜑,  𝜑  are incorporated 
in the observer states. 
The observer model according to (3) is approximated by a 
linearised, continuous equation system of the type 
 

𝒙
𝛿𝑓 𝒙

𝛿𝒙
𝒙 𝑩𝒖 (4) 

with 𝒙 𝜑,  𝜑,  0  and the Jacobian matrix 𝛿𝑓 𝒙 𝛿𝒙⁄  that 
includes all partial derivatives. Since the partial derivatives 
depend on the states 𝒙, the Jacobian matrix has to be updated 
continuously in order to achieve accurate computation of 
equation (4). This is performed in each time step for the 
discretised observer described by equations (7) through (12). 

 
 

Figure 1. Torque control of electro-mechanical flight surface actuation with a state observer for friction estimation 
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Figure 2. Speed-dependent modelling of stiction and 
viscous friction 

 
 
2.3 Discretised Implementation of the Friction 
      Observer 

2.3.1 Observer Structure 
A cascaded structure has been selected for implementation of 
the discrete friction observer, with a partial observer both for 
the stiction and the viscous friction. They use the state vectors 

𝒙 𝜑,  𝜑,  �̂�  and 𝒙 𝜑,  𝜑,  �̂� , respectively. 
Both partial observers receive the same input 𝒖 and 
measurement signals 𝒚. As depicted in Figure 3, the partial 
observers are interconnected to exchange the estimated 
stiction and viscous friction. 
The stiction can be identified and hence the output �̂�  be 
updated only if the angular velocity 𝜑 is close to zero. If this 
is not the case, �̂�  remains constant at the last estimated 
value. Accordingly, a threshold of 𝜑 0.05 rad/s 
has been defined; i.e. the stiction observer updates if 

𝜑 𝜑 𝜑 . 
The viscous friction can be estimated and the output �̂�  be 
updated only at larger angular velocities. If the angular 
velocity is nearly zero, the output �̂�  is kept constant at the 
last estimated value. 
 

 
 

Figure 3. Cascaded structure of the friction observer 
 

The friction observer’s behaviour is explained in more detail 
in subsection 2.4 that shows simulation results. 
Eventually, the estimated stiction �̂�  and viscous friction 
�̂�  are used to adapt the EMA torque controller, as shown in 
Figure 1. 
In the following, the partial observers for static and viscous 
friction are described in detail. 
 
2.3.2 Partial Observer for Static Friction 
To estimate the static friction, �̂�  needs to be introduced as 
an additional third state, i.e. 𝑥 , �̂� , as described. Since 
no dynamics can be formulated for the change of the stiction, 
it is set that 𝑥 , �̂� 0. In addition, the viscous friction, 
marked here as �̌�  (see Figure 3), is assumed to be known. 
For a linearised third order system of equations, refer to 
equation (4), the Jacobian matrix is generally defined as 
 

𝛿𝑓 𝒙
𝛿𝒙

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥
𝛿𝑓 𝒙

𝛿𝑥 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

 (5) 

For the stiction observer, the partial derivatives 𝛿𝑓 𝒙 𝛿𝒙𝒋⁄  
are determined from equation (3) as follows: 
 

𝒙

,

𝒙 ∙ ∙ ∙
�̌� , (6) 

𝒙

, 

𝒙
0,    

𝒙

, 

𝒙
1 , 

𝒙

, 

𝒙
1,   

𝒙

, 
0,   

𝒙

, 
0, 

𝒙

, 

𝒙

, 

𝒙

, 
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Based on these partial derivatives, the linearised equation 
system according to (4) is discretised and implemented as a 
so-called Extended Kalman-Filter (EKF). An EKF consists of 
equations (7) through (12) that are evaluated at each sample 
instant 𝑇 . First, the actual states 𝒙  are estimated from the 
previous states 𝒙  and inputs 𝒖  in each time step 𝑘 for 
𝑘  1, 2, …: 
 

𝒙 𝑨 𝒙 𝑩 𝒖  (7) 

In doing so, the estimation error variance is computed by 
 

𝑷 𝑨 𝑷 𝑨 𝑸 (8) 

The discrete system and input matrices 𝑨  and 𝑩  in 
equations (7) and (8) are computed using equation (4) and the 
Jacobian matrix (5) as follows: 
 

𝑨 𝒆
𝜹𝒇
𝜹𝒙 𝒙

∙
, 𝑩 𝒆

𝜹𝒇
𝜹𝒙 𝒙

∙
∙ 𝑩 ∙

𝑑𝑡 
(9) 

In order to correct the estimated states 𝒙  calculated by (7), 
measurements are incorporated in a next step. These are the 
angular velocity and angle at the actuator output, thus 𝒚
𝜑 ,  𝜑 . To this end, the so-called Kalman-matrix 

 

𝜑 [rad/s] 

𝑇
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N
m

] 

𝜏  

𝜏  

𝜏  
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𝑲 𝑷 𝑯 𝑯 𝑷 𝑯 𝑹 𝟏 (10) 

is computed, and then 𝑲  is used to calculate the actual states 
𝒙  and estimation error variance 𝑷  as follows: 
 

𝒙 𝒙 𝑲 𝒚 𝑯𝒙  (11) 

𝑷 𝑰 𝑲 𝑯 𝑷  (12) 

The so-called measurement matrix 𝑯 is defined as 

𝑯 1 0 0
0 1 0

, since the stiction observer has three states 

and evaluates two measured variables. The matrices 𝑸 and 𝑹 
in equations (8) and (10) are covariances that have to be 
selected according to the expected model and measurement 
error, respectively. Hence, 𝑸 and 𝑹 are tuning parameters of 
the Kalman-Filter. For instance, a smaller value for 𝑸 and a 
larger value for 𝑹 are meaningful, if the observer model is 
deemed to be of high precision and if the measurements are 
not trusted as much, e.g. due to signal noise. Then, past 
observer states are weighted more and actual measurements 
are weighted less in the computation of the present observer 
states. For further reference about the Kalman-Filter, the 
reader is referred to (Welch and Bishop, 2006). 
 
2.3.3 Partial Observer for Viscous Friction 
For the viscous friction observer with the state vector 𝒙

𝜑,  𝜑,  �̂� , it is set accordingly that 𝑥 , �̂� 0. In 
addition, the stiction is assumed to be known as the input 
signal �̌� , as indicated in Figure 3. From the observer model 
of equation (3), the partial derivatives are deduced as follows 
according to equations (4) and (5): 
 

𝒙

, 
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�̂� , (13) 
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Then, the linearised equation system is implemented as well 
according to eq. (7) through (12) as a discrete EKF. 
 
2.4 Simulation of Discretised Friction Observer 
In order to verify the described entire discretised friction 
observer (see Figure 3), it has been employed to estimate the 
static and viscous friction in a simulation environment. In this 
manner, the observer’s estimation capability has been verified 
for different commands and friction parameters of the EMA. 
For illustration, Figure 4 shows the simulation result for a 
sinusodial surface position command with an amplitude of 
0.1 rad and a period of 2 s. 
In order to simulate realistic conditions, noise has been added 
to the measurement signals 𝜑, 𝜑 and 𝑇 according to Table 1. 
More specifically, noise amplitudes of 0.5 % of the respective 
measurement ranges have been assumed. 

Table 1. Measurement noise 
 

signal 
measurement 

range 
noise 

amplitude
angle 𝜑 ±0.5 rad ±0.0025 rad 
angular velocity 𝜑 ±0.7 rad/s ±0.0035 rad/s 
torque 𝑇 ±400 Nm ±2 Nm 

 
The upper diagrams of Figure 4 (a) and (b) show the noisy 
measurement of the angular velocity and the thresholds 

𝜑  and 𝜑  associated with the stiction 
estimation. (For a better resolution, Figure 4 (b) shows the 
same simulation result as Figure 4 (a), but with the time axis 
zoomed in to 8 s to 10 s.) When |𝜑| is low, then state 𝑥 ,  and 
output �̂�  of the stiction observer are being updated. 
Otherwise, when 𝜑 𝜑  or 𝜑 𝜑, then state 
𝑥 ,  and output �̂�  remain at their last respective values. 
The middle diagrams of Figure 4 indicate the reference value 
set for the EMA stiction 𝜏 , the observer state 𝑥 , , and the 
output �̂�  i.e. the estimated stiction. Obviously, due to noise, 
state 𝑥 ,  can differ significantly from the reference value 
𝜏 . (𝜏  and 𝜏 , as indicated in Figure 4, relate to the 
reduction gear’s input side.) Thus, another filtering was 
implemented for the output �̂�  that incorporates the 
computed state values 𝑥 ,  in �̂�  only when |𝜑| is low. This 
noise attenuation unavoidably introduces a time delay. 
However, as can be seen in the middle diagrams of Figure 4, 
after the observer state 𝑥 ,  and output �̂�  had been 
initialised to zero at the start, output �̂�  renders the actual 
stiction 𝜏  with good accuracy (refer to subsection 2.4.1) 
after three to four strokes of the actuator. 
The viscous friction estimation is indicated by the lower 
diagrams of Figure 4. As can be seen, the respective state 𝑥 ,  
approximates the reference value of the viscous friction 𝜏  
only if the angular velocity is large, i.e. if 𝜑 ≫ 0. On that 
condition, the computed values of the state 𝑥 ,  are 
incorporated in the filtered output value �̂� . 
In the time span from approximately 2.5 s to 5 s, the viscous 
friction �̂�  is estimated clearly to high, as can be seen in the 
lower part of Figure 4. The too high estimation of �̂�  can be 
explained by the stiction �̂�  that is estimated too low until 
approximately 5 s. The partial observer for viscous friction 
depends on the estimated stiction, indicated as input �̌�  in 
Figure 3, and uses the input signals 𝒖 𝐼,  𝑇 , i.e. the motor 
current and actuator output torque, to compute at first the 
entire friction, as can be seen in equation (3). Thus, since the 
stiction is estimated too low initially, correspondingly the 
viscous friction is estimated too high. This effect occurs 
because all observer states and outputs had been initialised to 
zero. Hence, it takes a few small strokes of the actuator for the 
observer outputs �̂�  and �̂�  to render the actual friction of 
the plant. In addition, the convergent behaviour shows that the 
entire friction observer is stable. 
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Sample times 𝑇  of 0.01 s (viscous friction) and, respectively, 
0.005 s (stiction) were selected for the partial observers. Since 
the stiction can be estimated only when the angular velocity is 
close to zero and since this occurs for a few tenths of a second 
when the actuator moves, the shorter sample time i.e. higher 
resolution improves the estimation accuracy. 
 
2.4.1 Estimation Accuracy 
The estimation accuracy of the observer has been examined 
for different values of static and viscous friction. All 
combinations of 𝜏 ∈ 0;  0.08;  0.16;  0.25  Nm and 
𝜏 ∈ 5 ∙ 10 ;  1 ∙ 10 ;  1 ∙ 10 ;  5 ∙ 10 ;  0.01;  0.05  
Nms/rad, i.e. 24 pairs of values were regarded. Actuator 
excursions that cause angular velocities of max |𝜑| ∈
0.1;  0.2;  0.3;  0.5;  0.7  rad/s were simulated for each pair of 

𝜏  and 𝜏 , which led to 120 different combinations in 
total. For each combination, convergence of the estimation 
was reached within 20 s, and it was found that 
 the stiction estimation error is 0.03 Nm for 𝜏 0.01 

Nms/rad and 0.14 Nm for 𝜏 0.05 Nms/rad, 
 the viscous friction cannot be estimated reliably for 

angular velocities |𝜑| 0.3 rad/s, 
 for angular velocities 0.3 |𝜑| 0.7 rad/s, the 

estimation error is < 10 % of the actual viscous friction. 
Thus, the stiction is estimated precisely, if the actuator mo- 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ves slowly and if the viscous friction does not become too 
large, i.e. if it is 0.01 Nms/rad. Otherwise, the observer’s 
ability to distinguish between stiction and viscous friction is 
diminished. The viscous friction can be estimated more 
precisely, the higher the angular velocity is. 
 

 

CONCLUSION 
An observer has been developed that estimates an EMA’s 
friction. This observer complements to a flight surface torque 
controller that has to be adapted when the friction changes, 
e.g. due to temperature influence. The observer is formulated 
using the definitions of a so-called Extended Kalman-Filter 
(EKF) and has been discretised for implementation on a real-
time system. A cascaded structure has been selected in order 
for the observer to estimate the stiction and viscous friction 
separately. Sensor noise has been considered in order to 
simulate realistic conditions, and the EKF’s filter parameters 
have been selected appropriately. The observer’s capability of 
estimating the stiction and viscous friction, as well as the 
estimation accuracy have been verified by numerous 
simulations that examined different motion and friction 
parameters of an EMA. Test rig experiments of the described 
controller and friction observer concept are being prepared. 
 

Stiction Observer

𝑥  

Viscous Friction Observer

𝜏  

 
(a) (b) 

 
Figure 4. Estimation of static and viscous friction during a sinusodial surface excursion of ±0.1 rad and T = 2 s 
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NOTATIONS 
Symbols 

𝑨 system matrix 
𝑩 input matrix 
𝑒 exponential function 
𝑯 measurement matrix 
𝑰 identity matrix 
𝐽 inertia (kg.m2) 

𝑘 motor torque coefficient (Nm/A) 
𝑲 Kalman matrix 
𝑷 estimation error variance matrix 
𝑸 process (or model) noise covariance matrix 
𝑹 measurement noise covariance matrix 
𝑅 gear ratio (-) 
𝑠 steepness of static friction approximation near 

zero speed
𝑡 time (s) 
𝑇 torque (Nm) 
𝑇 sample time (s) 
𝒖 input vector 

𝑥, 𝒙 state, state vector 
𝑦, 𝒚 output, output vector 
𝜏 stiction (Nm) 
𝜏 viscous friction (Nm.s/rad) 

𝜔 angular velocity (rad/s) 
𝜑, 𝜑, 𝜑 angle (rad), angular velocity (rad/s), and 

acceleration (rad/s2) 
 
Subscripts 

dmd demand
F friction

k, i, j indices
thresh threshold

tot total
 
Superscripts 

, observer quantities 
T transpose
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