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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

During machining operations, there are permanent interactions between the digital servo control and the machine structure. In addition to the 
mass and stiffness properties, different damping effects in the system take influence on the feed drive dynamics. Virtual prototypes of machine 
tools allow the investigation as well as the characterization of damping in single feed axes. In this paper, the friction mechanisms in the drive 
train are investigated by using the example of a three-axes milling machine. Dynamic friction models are parameterized and coupled with a 
mechatronic simulation model of the machine tool. Adequate parameterization of nonlinear friction models further increases the accuracy of the 
machine tool model in motion simulation. 
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1. Introduction 

Machine tools are dynamically excited through the internal 
forces of the machining process and through external reaction 
forces due to transient motion. The latter are caused by the 
setpoint, the controller parameterization and the non-linearity 
of the frictional forces, and are related to the interactions 
between the feed drives and the machine structure. Thus, 
machine tool feed drives determine the quality of the 
components to be machined and the productivity of the value 
adding processes with their positioning accuracy and speed. 
Modeling of the kinematic and dynamic behavior coupled with 
a model of the drive control enables the investigation and 
improvement of machine tools already in the design process 
[1,2]. 

Regarding the deviation between the reference and actual 
position during feed motions, a distinction is made between the 
error inside the servo loop and the error outside the servo loop 
[3]. Depending on the geometry and the kinematic structure of 
the machine tool, these errors differ to a larger or minor extent. 
This fact and the required accuracy determine the choice of the 

structural mechanics modeling method. Ansoategui et al. [4] 
described the modeling of the dynamic behavior of a test rig 
using a three degrees of freedom (DOF) lumped mass model. 
Sato et al. [5] used the rigid multibody simulation to analyze 
the motion trajectories of a machining center with semi-closed 
control loop. This allows the bodies to be connected with 
discrete spring-damper systems, but the elasticities of the 
bodies themselves are not taken into account. Flexible 
multibody simulation, in contrast, supports the integration of 
finite element (FE) models and large movements on flexible 
structures [6]. The Craig-Bampton theory [7] is used in flexible 
multibody as well as finite element simulations to reduce the 
number of degrees of freedom of individual bodies and to 
increase the efficiency [8]. In comparison, with modal 
superposition, the finite element model of the entire machine is 
order-reduced via modal analysis. Furthermore, the structural 
behavior is linearized in the modeled axis state and, in contrast 
to the flexible multibody simulation, allows only small guiding 
movements [9]. Lee et al. [10] used this method to predict 
surface quality with a coupled simulation of a vertical 
machining center incorporating a cutting force model.  
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Especially during trajectories where the direction of motion 
is changed, the frictional forces acting in the feed drive 
mechanism take influence on the deviations between the 
reference and actual position. There is a variety of static and 
dynamic models for the mathematical description of friction, 
which differ in terms of accuracy, number of parameters and 
suitability for simulation [11]. Based on these, dynamic errors 
can be predicted and compensated by feedforward [12,13]. 

This paper presents the integration of a nonlinear friction 
model for feed drives into a mechatronic simulation model of a 
machine tool. The friction model is parameterized based on the 
kinematic behavior and measurements of the torque-generating 
actual current value during various interpolation movements. 
Thus, the prediction accuracy of the dynamic error in the 
transient simulation is increased and an assessment of the 
dynamics in velocity reversals is enabled. 

2. Mechatronic machine tool model 

The simulation and investigation of the dynamic error under 
consideration of friction was carried out on a test machining 
center of the company Fill GmbH. In this type of machine, the 
horizontally arranged main spindle and thus the tool is 
positioned with a serial, three-axis kinematics, as shown in 
Fig. 1. The individual feed drives are translationally moved by 
a ball screw system coupled to a synchronous motor and guided 
by roller rail systems. The positioning of the axes is performed 
with a SIEMENS 840D Computer Numerical Control (CNC) 
system and a S120 drive system, using a linear scale for closed 
position control of the respective axis. Leveling mounts with 
vibration isolation plates attached to the machine bed form the 
foundation and thus the interface between the machine 
structure and the ground.  

 

 

Fig. 1. Geometry and kinematics of the examined test machining center. 

In the present work, a coupled simulation model, which has 
been validated under the effect of external dynamic forces and 
described in detail by [14] is used. In the following subsections, 
the modeling methods are briefly introduced, with special 
emphasis on the simulation of transient effects in positioning 
movements.  

2.1. Mechanical model 

In order to achieve high simulation accuracy despite the 
large operating strokes of the axes (X, 1770 mm; Y, 655 mm; 
and Z, 685 mm), a finite element model created in the 
commercial software ANSYS Workbench forms the basis of 
the mechatronic simulation model. Using the eigenvalues and 
eigenvectors determined by an undamped modal analysis, the 
mechanical system is transformed into a state space model 
suitable for digital block simulation [14]. Assuming that higher 
frequency modes do not significantly affect the overall system 
behavior, the first-order differential equation system is reduced 
and all modes above 1000 Hz are neglected. This increases the 
computational efficiency, which is very crucial for time domain 
simulation, with imperceptible deviations in terms of accuracy. 
Through the order-reduced state space model, the deformations 
of the machine linearized around an operating point are 
described. However, if singularities in the stiffness matrix are 
taken into account, a detection of guiding movements restricted 
to this axis position is possible [9]. The modeling of the 
kinematic and dynamic properties in the ball screw according 
to [14] results in a statically underdetermined system and, 
consequently, in rigid body modes when modal analysis is 
performed. These modes allow freely moveable feed drives in 
the respective directions. Except for the rigid body modes, the 
modal damping approach is assumed for the remaining modes. 
The mechanical model represents the controlled system and is 
coupled with the other components in a graphical programming 
environment. The block diagram of the coupled simulation 
model used in this work with the model of the mechanical 
structure, the control model and the friction model is 
schematically depicted in Fig. 2.  

 

 

Fig. 2. Schematic representation of the mechatronic machine tool block 
diagram based on [14].  

2.2. Control model 

During the operation of machine tool feed drives, the CNC 
system calculates the reference variables for the subsequent 
controlled drives by parsing the NC code. With regard to high 
productivity capabilities, high path velocities and accelerations 
are required, but these are restricted by the physical drive and 
structure limits [15]. The acceleration trajectory determines 
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with its frequency content the bandwidth of the excitation 
generated by the setpoint specification. By limiting the 
maximum jerk or by further smoothing the trajectories, the 
bandwidth of the excitation can be reduced [1]. 

To investigate the dynamic error during positioning, the 
setpoint values are calculated in a simplified numerical control 
model as presented in Fig. 2. Since single linear interpolated 
movements of one or more axes are sufficient to evaluate the 
path dynamics, the simplification is to assume that the velocity 
at the beginning and at the end of the trajectory are zero. The 
trajectories for the desired position and velocity values are 
calculated with the maximum jerk and acceleration values in 
the interpolation cycle at discrete points of time. These 
interpolation points are extended by a piecewise, cubic spline 
interpolation, whereby the setpoint values are transmitted to the 
control in the position control cycle. 

The position and velocity setpoints (xs and nffw) are 
converted into a drive torque Ma by a model of the drive control 
and the drive based on [14], as schematically shown in Fig. 2. 
In order to reduce the tracking error, the velocity reference 
input weighted by a feedforward factor of one is added to the 
position controller output. The dynamics of the individual axes 
are considerably increased by feedforward control and 
subsequently tend to overshoot with velocity changes [15]. 
This effect is reduced by delaying the values generated by fine 
interpolation with the balancing time of the symmetry filter 
Tsym before calculating the position difference (xs−xa) [16]. The 
proportional gain of the position control loop Kv is thus only 
effective for the disturbance response. The actual velocity na 
fed back from the state space model is used in the velocity 
controller with reference model to calculate the input variable 
for the downstream current controller [14]. A field-oriented 
model of the synchronous motor based on [17] completes the 
representation of the drive control.  

2.3. Friction model 

In machine tool components such as bearings, profiled rail 
systems and ball screws, related frictional forces and moments 
act in the moving directions. Rigid body modes are not 
oscillatory and consequently are not damped in the model by 
the modal approach [18]. Modeling the friction effects as 
external forces allows them to be taken into account and offers 
a high degree of flexibility with regard to the mathematical 
description. The LuGre model published in [19] describes the 
dynamic friction behavior in the position-dependent pre-sliding 
as well as in the velocity-dependent sliding regime using 
bristles. Liu et al. [20] modified the LuGre model to increase 
the accuracy of simulation results during the transition between 
sticking and sliding compared to measured values. With the so-
called transmission engaging model (TEM), the frictional force 
is defined as: 

0 1 2
dzF k z v
dt

  = + +   (1) 

where 0  represents the stiffness, z  the deflection and 1  the 
micro viscous damping factor of an average bristle.

2  describes the viscous damping factor and v is the relative 

velocity between two surfaces. The surfaces between two 
bodies in contact are approximated by means of additional 
contact components (driven parts) [20]. During velocity 
reversal, the number of driven parts carried by the moving part 
increases. The model conception with a single contact 
component is shown in Fig. 3.  
 

 

Fig. 3. Schematic representation of the TEM based on [20]. 

The friction force in the pre-sliding regime is scaled in Eq. 1 by 
the variable k , which is defined as: 

( )( ) 1k t  = + − .  (2) 

The constant   describes the friction force at the beginning and 
the position-dependent variable ( )t  during the transition 
section. The engaging level is defined as: 

2 ( ) , 0
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Wt
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+ =  − 
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W  represents the average distance of the engaging process and 
is shown in Fig. 3. The position-dependent variable ( )c t  is 
defined as: 
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with 

( ) ( ) ( )m m m SX t X t X t T = − − ,  (5) 

where ST  is the sampling time and mX  is the distance 
traveled by the moving part during this time. The friction force 
model is completed by the internal state equation 

( )
vdz v z

dt g v
= −   (6) 

with ( )g v  according to [21]: 
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1( ) ln 1S
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,  (7) 
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where CF  is the Coulomb friction, SF  is the static friction, Sv  
represents the Stribeck velocity,   is the shape factor, logF  
represents the force and logv  the velocity of the logarithmic 
part of the friction force. 

In the overall model, each individual feed axis is coupled 
with a friction model. This calculates with the virtually 
measured angular velocity nfr of the motor rotor the friction 
torque Mfr, which is fed back into the mechanical model as a 
counter-torque, as shown schematically in Fig. 2. 

3. Linear model behavior 

The drive torque to be applied during traversing movements 
is composed of an inertia and a friction part and can be 
measured via the drive current using the CNC internal trace 
function. If the inertia is represented by the model with high 
accuracy, it is consequently possible to draw conclusions about 
the proportion of friction. In general, the complex transfer 
behavior between a force acting on a mass with a single degree 
of freedom and the resulting speed are characterized by a 
constant decrease in magnitude of 20 dB per decade. The 
resulting straight line in the Bode magnitude plot depends 
exclusively on the mass and on the rotary inertia of the system, 
respectively. 

Fig. 4 shows the comparison between measured and 
simulated frequency responses of the speed-controlled system 
– the ratio between motor speed and motor torque – of the X- 
and Z- axis. Friction was neglected in the simulation model, 
whereby the frequency response functions describe the linear 
system behavior. In the frequency range up to approximately 
12 Hz, the measurements have been slightly influenced by the 
velocity controller and the current setpoint filters, which has 
led to discontinuities in this range. Apart from this, the 
frequency response of the speed-controlled system is 
determined exclusively by the mechanical structure of the 
machine tool. In the lower frequency range the components of 
the feed axes respond like a rigid system. Comparing the results 
of experiment and simulation, it can be inferred that the mass 
ratios were modeled with a sufficiently high accuracy. 
Furthermore, the zeros and poles of the frequency response 
function are predicted by the state space model. 
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Fig. 5. Measured and simulated reference frequency responses of the velocity 
controller of the X- and Z-axis.  

Subsequently, the state space model was coupled with the 
drive control model. The latter was parameterized based on the 
gain factors, time constants and function modules adjusted at 
the test machining center.  

The behavior of the cascaded control loop significantly 
influences the deviation between the reference and actual 
position during motion trajectories. In order to validate the 
model in the frequency domain, the reference frequency 
response of the velocity controller – the ratio between the actual 
speed value and the speed setpoint of the motor – was measured 
experimentally. Fig. 5 depicts the Bode plot of the measured 
and simulated reference frequency responses of the velocity 
controller in the X- and Z-direction. The −3 dB bandwidth used 
for characterizing the speed of the controller differs by 2 Hz in 
the X-axis and by 3 Hz in the Z-axis. The slight deviations of 
the magnitude in the controlled system (see Fig. 4) 
consequently also effect the magnitude of the reference 
frequency response at approximately 100 Hz in the X-axis and 
at 175 Hz in the Z-axis. However, it can be concluded that the 
model is capable of accurately representing the behavior of the 
closed speed loop.  

4. Model behavior during feed movements 

The mechatronic model validated by the investigations in 
the frequency domain was subsequently used for the 
parameterization of the associated friction model. As already 
mentioned, the torque-generating actual current value is 
composed of an inertia and a friction part. Defined by the 
torque constant, the proportional relationship between the 
torque-generating current and the drive torque enables the 
calculation of the latter. At constant feed rate, the component 
of inertial force becomes zero. Therefore, to identify the 
parameters of the stationary friction force from Eq. 7, the 
individual axes of the test machining center were accelerated to 
a defined speed and the drive current was measured. The model 
behavior in the pre-sliding regime an in the transition region to 
the sliding regime is determined by the bristle stiffness 0 , the 
micro viscous damping factor 1 , and the factors W  and   of 
the TEM. These parameters were identified by measurements 
of the drive current during sinusoidal axis movements. The 
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measurement signals were acquired with the CNC internal data 
logger at a sampling frequency of 500 Hz. 

Fig. 6 shows the comparison between measured and 
simulated results during a positioning operation of the Z-axis 
with 5000 mm/min feed rate. The finite element model was 
linearized at the axis positions X 800 mm, Y 327 mm and 
Z 100 mm, and was coupled with the models of friction and 
drive control including speed feedforward. The reference 
trajectories were limited in the CNC system and in the model, 
respectively, with the maximum values of jerk (150 m/s3) and 
acceleration (14.4 m/s2). Fig. 6a shows the position controller 
performance and an overshoot at the end of the ramp response 
with an oscillation frequency of about 21 Hz in the 
measurement as well as in the simulation results. This natural 
frequency results from a tilting of the machine bed caused by 
the installation conditions and can also be seen in the frequency 
response of the speed-controlled system (Fig. 4). The influence 
of the leveling mounts is damped in a simplified linear 
approach in the model, whereas the elastomer plates installed 
show nonlinear behavior. This simplification has the effect of 
a longer settling time in the simulation results, although the 
dynamic error is very small, as depicted in Fig. 6a. The drive 
torque as a function of time shown in Fig. 6b demonstrates the 
influence of the friction model especially in the constant and 
zero velocity range. After the overshoot is damped by the micro 
viscous friction component, a constant counter-torque remains 
at zero velocity. It should be noted that due to machine’s 
internal settings a negative actual current value is output for 
acceleration in the positive Z-direction (see Fig. 1). 

 

 

Fig. 6. Comparison of measured and simulated results for Z-axis positioning 
with 5000 mm/min: (a) position; (b) driving torque.  

 

Fig. 7. Experimental and simulation results of a circular path in X-Z-plane 
with radius 15 mm and feed rate 3000 mm/min: (a) driving torque as a 
function of time and (b) as a function of velocity.  

 

Fig. 8. Measured and simulated contour accuracy for counterclockwise 
circular path.  

The measured and simulated driving torques of the X- and 
Z-axis during a circular interpolation motion (radius 15 mm, 
feed rate 3000 mm/min) are shown in Fig. 7. For the 
simulation, the reference variables measured at the machine 
were used as input. In Fig. 7a, the measured values show a 
slightly direction-dependent behavior in the X- as well as in the 
Z-axis, whereas the simulation model behaves ideally 
symmetrical. The effect of the TEM on the LuGre model at low 
velocity is evident in Fig. 7b. The frictional torque increases at 
the zero crossing with the slope determined by 0 , which 
subsequently decreases in the transition region. Finally, the 
friction is determined by the stationary equation.  

Fig. 8 shows the comparison of the contour accuracy of the 
circular interpolation motion measured on the linear scales of 
the closed position control loop. The polar plot shows the 
contour error scaled up by a factor of 100 and the deviations of 
±10 μm from the ideal circle. The height and shape of the 
quadrant glitches are simulated accurately; however, a slightly 
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larger radius results. This deviation is due to the symmetry 
filter mentioned in Section 2.2. The filter was parameterized in 
the simulation model with the balancing time set in the 
machine. Since the sum of the time delays of the velocity-
controlled drive slightly differs (0.6 ms), a small deviation 
results with regard to the tracking error.  

5. Conclusions 

In the present contribution, the simulation accuracy of a 
modal reduced finite element model coupled with a drive 
control and a friction model during interpolation movements 
was investigated. The so-called transmission engaging friction 
model was parameterized based on the linear behavior of a 
three-axis test machining center and acted in the overall model 
as a counter-torque at the motor rotors of the feed drives. 

The comparison of measured and simulated dynamic 
position errors revealed that the behavior during interpolation 
movements is very well represented by the model. In addition 
to linear damping, overshoot at the end of acceleration pulses 
is damped by the effect of the friction model. The increasing 
accuracy during velocity reversal by the TEM can be 
confirmed, reducing simulation deviations for quadrant 
glitches. The modeling method allows to infer the dynamics of 
machine tool already in the development process by virtual 
tests; however, the determined friction parameters are limited 
to similar machine components and geometries. Further 
experimental investigations are necessary to determine the 
influence of manufacturing inaccuracies and wear on the 
friction behavior as well as on the overall model. 
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