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Abstract—Monitoring of production systems with special 

attention to the manufacturing processes is subject of 

intensive research efforts. Besides additional sensors close to 

the contact point between tool and workpiece, the pre-

installed drive internal measuring systems of the feed axes 

offer a potential opportunity to access these forces. Due to 

their distance from the point of action, superimposed 

phenomena must be taken into account to achieve an 

appropriate estimation. In the case of linear feed axes, this 

applies in particular to prevailing frictional torques and 

forces. Depending on the structure of the feed axis, position- 

or workspace-dependent effects should also be considered. 

In addition, the influence of gravity becomes noticeable for 

vertical axes. In the context of this paper, suitable models 

and identification routines for both phenomena are 

developed and validated on a three-axis machine tool. 

Particular attention is devoted to an automated parameter 

identification as well as a compromise between model 

accuracy and the number of assignable parameters. Finally, 

all models are verified via exemplary air cutting and face 

milling experiments.   

 

Index Terms— production system, machine tool, linear feed 

axis, friction force, weight force, modelling, identification, 

disturbance observer 

 

I. INTRODUCTION 

Monitoring of manufacturing processes is becoming 

increasingly important due to growing relevance of 

digitalization along the entire value chain. Particularly in 

metal-cutting production, monitoring of the process itself 

as well as the state of the tool can enhance productivity 

by avoiding unplanned downtimes and reducing scrap 

rates. Monitoring of the prevailing process forces using 

additional sensors on the tool or workpiece side is 

established in industry. On the other hand, it is desirable 

to use the already available internal drive signals of the 

machine tool for a superordinate process monitoring. For 

this purpose, there exist various observer approaches, 

which have already been classified and compared in [1]. 

In [2], a novel disturbance observer is presented based on 

the use of automatically identified models of the 

mechanical transmission function. Its fundamental 
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structure is shown in Fig. 1. For the sake of simplicity, all 

forces are converted to equivalent torques. 

In addition to the inverted transfer functions of the 

speed control system Gp(s) and the mechanical transfer 

elements Gmech(s), all superimposed force components 

must be modeled and subtracted from the measured 

motor current signal. This includes motor and load-side 

friction (Tf,m and Tf,l) as well as potentially acting weight 

forces Tg. Therefore, suitable models and identification 

routines are required. In this context, the area of modeling 

and identification of tribological mechanisms on feed 

axes has been well developed on the research side. An 

overview of established models and a comparison with 

regard to their validity for different speed ranges is given 

in [3], [4]. 

    

   
 

       
 
   

      

TFDOB

        
     

         
  

   

 

 

Figure 1.  Transfer function-based disturbance observer (TFDOB) for 
drive-based disturbance estimation. 

Considering the approaches with reference to the topic 

of drive-based process force estimation, the majority of 

the publications concentrate on static and speed-

dependent friction models. This is justified by the 

relatively simple models and identification routines. 

Usually, an overall friction model is developed consisting 

of a coulomb and a viscous part like in [5], [6]. The 

friction parameters are identified by measuring the motor 

current of the axis at constant feed rates. Subsequently, 

the parameters are fitted by regression analysis [7] as well 

as utilizing a state observer [8] or kalman filter [9]. Jeong 

[10] goes one step further and differentiates the model 

equation based on the current feed rate. Therefore, the 

friction model is approximated using a polynomial 

approach for feed rates below 300 mm/min. In the case of 

higher velocities, again a linear relationship is applied. In 

addition, the Stribeck model is widely used, for example 

in [11] or [12]. All mentioned approaches are referred to 
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as static models, as they are only valid for areas with axis 

velocities significant greater than zero.  

On the other hand, dynamic models are also widely 

addressed in research. The advantage of these models is 

that they also offer a description of the pre-sliding area at 

very low velocities. In addition, they are more accurate in 

areas of motion reversal. Jamaludin uses a Generalized 

Maxwell-slip friction model including a hysteresis 

function with non-local memory and frictional memory 

for the sliding regime as well as a Stribeck model for 

constant velocities [13]. Aslan designs a Kalman filter-

based disturbance observer, which is supplemented by a 

Lund-Grenoble friction model [14]. In addition to 

Coulomb and Stribeck friction, hysteresis and presliding 

displacement are taken into account. 

All mentioned approaches have in common that they 

do not consider any workspace-dependent friction 

influences. On the other hand, Yamada demonstrates in 

[15] and [16] that the friction behavior of linear feed axes 

with ball screw drives differs depending on the position 

in the working area. Although no basic approaches for 

modeling this effect are described in detail, the 

repeatability of the overall position-dependency is proven. 

Rudolph [17] shows in his publication that in the case of 

a combined fixed and loose bearing, the motor current 

required to overcome friction increases with the distance 

of the slide to the motor. Besides a speed-dependent part, 

he uses a logarithmic approach to approximate the 

position-dependent friction behaviour. Sato confirms the 

existence of a position-dependent friction part in [18] and 

approximates it with a polynomial model, which is not 

described in detail. 

Overall, it can be stated that a substantial number of 

authors in the area of drive-based process force 

estimation deal with speed-dependent models. In addition, 

a non-negligible part of related publications focuses on 

the further development of dynamic friction models. 

Although these models provide good results in the 

microscopic range and for very low axis velocities, they 

are difficult to apply due to the large number of 

parameters and complex identification routines. Both 

approaches also have in common that their validity 

cannot be guaranteed in the entire workspace. 

Furthermore, the modeling of gravitational influence is 

often neglected due to the relatively simple relationships. 

In order to ensure broad industrial acceptance, automatic 

routines for axis weight correction are required, too. 

Therefore, an automatic method for modeling the 

speed and position-dependent friction behavior as well as 

the influence of gravity on linear feed axes is presented in 

the context of this paper. It is organized as follows. 

Section two presents the basic structure of a linear feed 

axis including the underlying equilibrium of forces. 

Section three is initially devoted to the systematics for 

modeling and identifying the friction models on linear 

feed axes. Subsequently, the correction value for the 

motor current caused by the gravitational influence on 

vertical feed axes is identified. That is based on the 

already recorded frictional force curves. Eventually, all 

models are verified on an exemplary three-axis 

machining center through exemplary air cutting and face 

milling experiments. The paper closes with a summary of 

the results and an outlook on future research goals. 

II. STRUCTURE OF LINEAR FEED AXES 

The basic structure of a linear electromechanical feed 

axis, as it is typically used in modern production systems, 

is illustrated in Fig. 2. It consists of an electrical part 

including an industrial control, a converter system with 

servomotor and the associated position measuring 

systems, as well as a mechanical part. In the case of linear 

feed axes, the latter is usually designed as a ball screw 

drive with corresponding coupling, bearing and gear 

elements. In some cases, additional elements like a 

coverage for the working area are part of the mechanical 

system. The process forces Fp usually act on the load side 

of the feed axis. 

Starting point of the considerations is the equilibrium 

of forces. For the sake of simplicity, all forces are 

reduced onto the motor shaft as effective torques. The 

motor torque is calculated as product of the torque 

constant Km and the motor current Im and is equivalent to 

the sum of acceleration torque Ta and applied load torque 

Tl. 

 Tm = Im * Km = Ta + Tl (1) 

 

Servomotor Gear units Coupling Measuring system

(motor / slide)

Bearings & 

guideways

 

tilt angle

electrical part mechanical part

Jm, Tm

ig

FP

hsp

 

Figure 2.  Structure of a linear electromechanical feed axis. 
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While the acceleration torque depends on the current 

axis acceleration and the total moment of inertia, the load 

torque consists of several parts. In addition to the 

repercussions of the  

machining process Tp in feed direction, the sum of all 

friction torques Tf and, depending on the axis alignment, 

the weight torque Tg are included. 

 Tl = Tp + Tf + Tg (2) 

The required torque to overcome the weight forces 

acting on the axis (3) is ultimately dependent on the 

gravitational constant g, the moving masses in the drive 

train mtot, t   ti t  n    o  t    xi     t     ind    it    sp, 

potential gear ratios ig and the overall efficiency of all 

t  n  i  ion      nt  ηtot. 

 Tg = hsp * mtot * g * sin(α) / (2π * ig * ηtot) (3) 

In contrast, the frictional part of the load torque is 

calculated as the sum of various individual parts. 

 Tf = (Tf,g + Tf,c + Tf,b)/ (2π * ig * ηg) (4) 

This includes the friction in the guideways Tf,g and 

spindle bearings Tf,b as well as frictional torques caused 

by covers Tf,c installed in the working area. The 

tran  i  ion   tio  nd it     i i n y ηg must also be taken 

into account. For a detailed description of the individual 

parts and further parameters see [19]. Since an individual 

modeling of the friction parts is not achievable without 

dismantling components of the mechanical structure, an 

overall friction model is considered in the next section. 

III. IDENTIFICATION OF FRICTION MODEL AND WEIGHT 

FORCE CORRECTION  

This section describes the general procedure for the 

automatic generation of the friction models as well as the 

identification of the weight force correction value. All 

examinations were carried out on the three-axis 

machining center from DMG Mori shown in Fig. 3. 
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Figure 3.  Methodology for determining workspace-dependent friction 
model for linear feed axes. 

A. Friction Model 

As already described in the previous section, the 

friction conditions cannot easily be mapped in detail and 

separately for each part of the mechanical system. For 

this reason, an overall friction model of the feed axis is 

developed, which is divided into a speed-related and a 

position-related part. The complete process for 

determining the model is illustrated in Fig 4. In the first 

step, the respective axis is moved at constant feed rate 

over the entire travel path with the illustrated speed 

profiles. At the same time, the motor current im, feed rate 

va and axis position xa are recorded using the control-

internal measuring function. This is repeated three times 

for each of the speed levels shown in Table I.  

100 mm/min 1000 mm/min

x0 = -850 mm
(direction: +)

x0 = 0 mm
(direction: +)

x0 = 0 mm
(direction: –)

x0 = -850 mm
(direction: –)

 

Figure 4.  Motor current at constant feed rates depending on the axis 
position. 

TABLE I.  FEED RATE LEVELS 

Designation va in mm/min va,n in mm/min 

Level 1  0 … 90 10 

Level 2  00 … 900 100 

Level 3  000 … 9000 1000 

 

Since there are no effective external forces or 

accelerations on horizontal axes, with the exception of the 

start, end and reversal points, the measured motor current 

is used exclusively to overcome the frictional forces. For 

vertical axes an additional correction of the axis weight is 

necessary, which is described in the next subsection. 

Fig. 5 shows exemplary motor current signals for two 

constant feed rates over the entire travel range of the x-

axis. Additional, a distinction is made between the 

direction and the course of movement, i.e. with or 

without interrupted reversal of direction. It becomes clear 

that the motor current depends on the position of the axis. 

Furthermore, the signal characteristics for both directions 

are very similar. With regard to the course of movement, 

however, differences can be determined according to the 

feed rate. For lower feed rates (Fig. 5, left) the course of 

the motor current is independent of the starting point of 

the axis motion. In contrast, there occur some differences 

for higher feed rates (Fig. 5, right). In particular, in the 

first movement segment of the interrupted movement 

reversal, the motor current is not equal to the continuous 

motion. 
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x
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Figure 5.  Three-axis machining center DMC 850 V (DMG Mori). 

In step two, all three recorded friction fields are 

averaged and the signals are filtered with a sliding 

average filter. To reduce the modeling effort, the signal 

values are also divided into m position segments 

depending on the spindle pitch hsp (5) 

 m = hsp / 3 (5) 

In a third step, these m signal profiles are used as input 

signals for estimating the speed-dependent friction model. 

The already presented approach in [2] contains of four 

parts (coulomb, exponential, logarithmic, linear) with 

overall seven unknown parameters Pv,1 to Pv,7 and 

depends solely on the axis velocity va according to (6) to 

(10). 

 Imf,v (va) = sign(va) * (If,c + If,exp + If,log) + Ic,lin (6) 

 If,c (va) = Pv,1 (7) 

 If,exp (va) = (Pv,2 – Pv,1) * exp(–|va / Pv,3|, Pv,4) (8) 

 If,log (va) = Pv,5 * ln(|va| / Pv,6 + 1) (9) 

 If,lin (va) = Pv,7 * va (10) 

The model parameters are approximated by 

minimizing the square error between the measured and 

modeled motor current. The examinations have shown 

that separate estimations for positive and negative feed 

rates lead to a significant increase in model quality. As 

result of this module, a speed-dependent friction current 

signal Imf,v is obtained for each of the m positions. 

These signals serve as input of step four and form the 

basis for estimating the position-dependent friction 

behavior. Therefore, different model approaches were 

examined, whereby a linear model approach according to 

(11) offers a good compromise between the number of 

parameters and the accuracy of the model. Analogous to 

the speed-dependent part, the square error between 

measured and modeled motor current Iqf,x is minimized 

for all axis velocity segments. 

 Imf,x (x) = (Px,1 + Px,2 * xa) (11) 

In the last step, the parameters of both models are 

averaged for each direction of movement. The mean 

value of these parameter sets ultimately provides the final 

parameters of the speed- and position-dependent friction 

model. Note that in some cases it could be beneficial to 

use separate position models for positive and negative 

direction of movement. For example, Rudolph [17] 

determined a rise in the motor current with increasing 

distance between axis slide and motor. A similar effect 

can be observed in the model validation in section four. 

However, due to the minor impact on the accuracy, this 

effect is not considered further. Eventually, the complete 

friction model is calculated as the sum of both model 

equations. The signum function in (12) ensures that the 

position-dependent part is only effective during a motion 

of the axis. 

 Imf (va, xa) = Imf,v * va(t) + |sign(va(t))| * Imf,x * xa(t) (12) 

x-axis, measurement

y-axis, measurement

x-axis, model

y-axis, model

x-axis, error

y-axis, error

 

Figure 6.  Measured (left), modeled (center) and error (right) friction fields of x- and y-axis. 

Fig. 6 shows the measured and estimated friction fields 

as well as the modeling error for the x- and y-axes. 

Except the edge areas, there is good agreement between 

the measurement and the model. The errors arise on the 

one hand from acceleration currents at the start and 

reversal points, but also from the already discussed 

differences in the motion. Furthermore, deviations 

become more apparent for low axis velocities. 

Nonetheless, the mean error between model and 

measurement for the entire speed and travel range is only 

3.2 % for the x-axis and 2.4 % for the y-axis. 
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As can be seen from the estimated parameters in 

Table II, the position-dependent friction component is 

more significant in case of the x-axis. This is justified by 

the different types of workspace coverage. While the x-

axis has a large fold coverage, the separation of y- and z-

axes from the work area is realized by a scraper. The 

variations in the current signal depend on the direction of 

movement and axis position, since the folds are pushed 

into one another to different degrees according to their 

position. The extent to which the determined models are 

also valid for a more complex sequence of axis motions is 

examined in section four. Regarding the z-axis, the 

measured motor current signals still have to be corrected 

for the weight force. However, the final parameters are 

already included in Table II. 

TABLE II.  IDENTIFIED FRICTION PARAMETERS 

Parameter 

Identified friction values 

x-axis y-axis z-axis 

Pv,1 -0.767 -0.845 -0.897 

Pv,2 7.564 -3.680 -1.493 

Pv,3 3.357 -0.537 0.537 

Pv,4 0.034 -0.558 0.019 

Pv,5 11.572 40.328 1.925 

Pv,6 0.241 -0.433 0.675 

Pv,7 1.029 1.820 5.072 

Px,1 0.141 -0.047 -0.059 

Px,2 3.375 -1.758 -2.244 

 
B.

 
Axis Weight Correction

 

80 mm/min 1000 mm/min

measurement

(upwards)

mean value

(upwards)

mean value

(downwards)

measurement

(downwards)

 
Figure 7. 

 
Measured and averaged current curves for 80

 
mm/min (left) 

and 1000
 
mm/min (right)

 
of the z-axis.

 

The developed approach for identifying the proportion 

of weight force in the motor current of the vertical axis is 

shown in Fig. 7. It is initially assumed that the motor 

torque for each direction is applied completely to 

overcome the friction and gravitational effects. As before, 

this assumption is permissible due to the constant feed 

rates. The steps one and two with asterisk are optional, as 

the required signals have already been recorded as part of 

the friction measurements. In the case of the averaged 

and segmented signals, it is assumed that there are no 

major differences for both directions of motion. In the 

third step, the current signals are averaged separately for 

each of the n speed levels and both directions (upwards 

img,u and downwards img,d) in order to eliminate the 

influence of the axis position. The current signals for two 

exemplary speed levels are shown in Fig. 8. In case of 

downwards motion and an axis feed rate of 100 mm/min, 

the motor current is not constant across the axis position. 

One possible cause are stick-slip effects, as the effect 

cannot be observed for higher axis velocities (e.g. Fig. 8, 

right). In order to avoid errors in the calculation of the 

gravitational influence, all velocities with similar effects 

are excluded. For the considered machine axis, this 

corresponds to all axis velocities less than 500 mm/min. 

In step four, a final averaging of all averaged current 

signals takes place. As a result, the weight correction 

current calculates to Img = 3.234 amperes. Fig. 9 shows 

that by offsetting this value, an adequate correction of the 

gravitational influence of the vertical axis is achieved. In 

combination with the calculated friction model, the 

average error between measurement and model calculates 

to approximately 10 % over the entire travel range and all 

velocity levels. The reason for the increased model 

deviations compared to the x- and y-axes is the stick-slip 

behavior in the range of low speeds (cf. Fig. 8). The 

identified friction parameters are shown in Table II. 
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Figure 8. 
 

Methodology for determining weight force correction value 
on vertical linear feed axes.
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z-axis, measurement

(with weight force correction)

z-axis, measurement

(without weight force correction)

 

Figure 9.  Measured friction field of the z-axis without (upper) and 

with (lower) weight force correction. 

IV. VALIDATION 

After the friction models for all three axes and the 

weight correction of the vertical z-axis have been 

calculated, all models are validated using an exemplary 

machining contour. Its shape, shown in Fig. 10, is based 

on the contour specified in [20] for assessing the 

positioning accuracy of production systems. The 

experiments were carried out at different tilt angles in the 

working area and at different feed rates. At the same time, 

the motor currents as well as positions and velocities of 

the axes were recorded. Afterwards, the frictional forces 

were calculated as a function of the recorded signals. 

x

z
y

3
2
0

3 

3 

15 

 

Figure 10. Measured friction field of the z-axis without (upper) and 
with (lower) weight force correction. 

Fig. 11 illustrates two exemplary cases. The left 

diagrams show the measured axis positions and motor 

currents as well as the associated friction estimations in 

the x-y-plane. The feed rate is set to 500 mm/min. The 

diagrams on the right show the same measured and 

modeled signals, but for a motion in the x-z-plane with a 

programmed feed rate of 1000 mm/min. In addition to the 

estimated overall friction model, the speed and position-

related parts are plotted individually. Except for the 

modeled acceleration phases, a good correspondence 

between model and measurement can be determined for 

all axes. Only in the first part of the movement sequence 

arise clear differences for two movement segments of the 

x- and y-axes. This phenomenon is illustrated for the 

motor current signal of the x-axis in the range of approx. 

40 to 80 seconds. As it can be seen in the target contour 

and the measured position profile, no feed rate is 

programmed for the x-axis in this movement segment. 

Hence, only the y-axis should move. However, when 

considering the actual feed rate of the x-axis, a value in 

the range of less than one mm/min could be detected. 

This already shows the limits of the utilized model 

approach, which cannot provide an appropriate 

approximation for movements in the range of very low 

feed rates. Therefore, an additional dynamic friction 

model is required. A comparison for the range of motion 

for the x-z plane shows that the mentioned effect does not 

occur. The minor deviations are caused by the current 

controller and its remaining integration value. On the 

other hand, comparing the modeled friction curves for all 

three axes, the advantage of the position-dependent 

friction model is apparent solely for the x-axis. 

Nonetheless, the correction of the weight forces for the z-

axis is of particular importance. It is also recognizable 

that the overall model for downward motion (lower 

absolute motor currents) is slightly closer to the measured 

current curves. However, it can be stated that the friction 

models for all cases and axes tend to be overestimated. 

Nonetheless, for the example contours and considering 

various programmed feed rates (200 mm/min, 

500 mm/min, 1000 mm/min, 5000 mm/min), the absolute 

mean error between model and measurement is always 

lower than 15 %. Possible reasons were already observed 

when measuring the initial friction curves. In this case, 

differences of +/– 10 % over all three measurement runs 

occurred. In addition, the temperature of the lubricant of 

the guideways has a significant influence on the friction 

behavior and therefore on the motor current under 

constant axis movement. In case of the x-axis, this fact is 

shown exemplary in Fig. 12. 
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Figure 11. Axis positions and motor currents under selected machining contour in air cutting. 

measurement

IT1 model

 

Figure 12. Motor current of the x-axis under cyclical traversing 
movement with 10000 mm/min. 

The axis was moved over several cycles in the entire 

travel range and the motor current was recorded. The 

programmed feed rate is set to 10000 mm/min. A 

continuous drop in the motor current signal can be 

observed after just a few motion cycles. This influence 

becomes less significant as the temperature of the 

lubricant increases further. A reduction in the measured 

motor current of 5–10 % can be seen after just 10 seconds 

or two motion cycles, and of 15–20 % after 50 seconds or 

10 cycles. Overall, this behavior can be approximated 

with an IT1 model. However, since the temperature value 

of the lubricant is usually not available in the machine 

control, it cannot be incorporated into the developed 

model. In order to take this influence into account, a 

warm-up phase could be provided before each machining. 

At the same time, a cyclical update of the friction model 

can contribute to increase its accuracy. 

Eventually, the developed models should be 

incorporated as part of a disturbance observer for drive-

based process force estimation (cf. Fig. 1). Hence, their 

suitability must also be evaluated under process 

conditions. In Fig. 13, the applied tool path and 

workpiece are shown as well as the measured position 

and motor current for the x- and y-axes. In addition to the 

individual parts of the friction model, the filtered motor 

current is plotted. The tool is a 3-flute face milling cutter 

with a diameter D = 25 mm, the workpiece material is 

C45 steel. The depth of cut was set to ae = 3 mm The 

programmed values for feed rate and spindle speed were 

765 mm/min and 2548 min-1, respectively.  

For both axes a clear distinction can be made between 

the proportions of friction and process forces in the motor 

current signal. In particular, the deviations of the y-axis 

correspond to the expectations from the air cutting 

experiments. On the other hand, the estimations for the x-

axis are more accurate for negative motion direction, 

especially when combining velocity- and position-

dependent friction models. Due to the low process-related 

signal amplitudes in the case of positive direction of 

motion, a separation between friction and process forces 

is only possible to a limited extent. For valid statements, 

however, further experiments under process conditions 

are necessary. 
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Figure 13. Tool path, axis positions and motor currents under an exemplary machining process. 

V. CONCLUSION 

In this paper, a method for automatic identification and 

modeling of friction and gravitational influences on linear 

feed axes was presented and examined on a three-axis 

machining center. Based on the equilibrium of forces, an 

automated approach was developed to determine speed- 

and position-dependent friction models for each 

horizontal axis as well as the correction current for the 

weight forces of the vertical axis. The comparison of 

measured and modeled friction fields showed a high 

degree of agreement. The mean deviations for the 

horizontal axes are in the lower single-digit percentage 

range. These errors are caused by the acceleration parts at 

the motion starting points and from differences in the first 

third of the interrupted movement profiles. The slightly 

increased model deviations in the case of the vertical z-

axis arise from noticeable stick-slip behavior in the case 

of low feed rates, especially when traveling downwards. 

During the subsequent validation of the models using a 

standardized sample contour, the high quality of the 

models was demonstrated. Especially, the value of the 

position-dependent model was particularly proven for the 

x-axis, caused by its fold coverage. Overall, however, the 

modeled motor current is estimated 10-15 % too high. In 

addition to basic model inaccuracies, the main reason is 

the dependence of the frictional force on the temperature 

of the lubricant of the guideways. Furthermore, motion 

segments with micro-movements and feed rates of less 

than one mm/min are not incorporated in the model. 

Eventually, the friction models were examined under real 

process conditions using a face milling process. Here, the 

high quality of the estimated friction models could also 

be confirmed. 

Future activities should focus on expanding the friction 

models in terms of a dynamic component. This could 

contribute to an increasing model quality, particularly in 

the case of interrupted movements and changes in 

direction as well as low feed rates. In addition, further 

superimposed influences must be taken into account to 

applicate the disturbance observer presented in Fig. 1. In 

particular, the correction of the acceleration and standstill 

phases as well as the mechanical transmission behavior 

are important examples. With regard to the correction of 

the axis weight, the system should be generalized 

regarding rotary axes. Especially in the case of pivot units, 

additional position-related and possibly mass-related 

effects occur. 
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