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S u m m a r y 

The article presents a criterion supporting the selection of the proper number of sensors in a system 
compensating the effect of thermal deformation of the feed screw on the positioning accuracy of the CNC axis. 
Moreover, it presents an experimental verification of the criterion and a calculation example along with the tips 
allowing for the practical use of the criterion. 
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Kryterium określające liczbę czujników temperatury  
w systemie kompensacji odkształceń cieplnych śruby pociągowej obrabiarki CNC 

S t r e s z c z e n i e 

W artykule przedstawiono opracowane kryterium wspomagające dobór liczby czujników w układzie 
kompensującym wpływ odkształceń cieplnych śruby pociągowej na dokładność pozycjonowania osi CNC. 
Prowadzono weryfikację doświadczalną dokładności pozycjonowania dla opracowanego kryterium. 
Omówiono przykład obliczeń wraz ze wskazówkami pozwalającymi na praktyczne użycie opracowanego 
kryterium. 

Słowa kluczowe:  błąd cieplny pozycjonowania, określenie liczby czujników, śruba toczna, obrabiarka CNC 

1. Introduction 

In addition to the efficiency and geometric accuracy of machining, the costs 
incurred for the purchase and operation of machine tools are important for its 
manufacturers and users. In response to the need for cost reduction, researchers 
seek ways to replace expensive design solutions with new and cheaper ones,  
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while maintaining the capability of a machine tool to produce workpieces in  
a precise way. 

According to this strategy, the Centre for Mechatronics of the West 
Pomeranian University of Technology developed a module for the compensation 
of heat deformations of the CNC feed axis screw [1]. This solution is subject to 
patent proceedings. It was awarded the Golden Medal of the Poznań 
International Fair 2012: Innovation – Technology – Machines. 

The developed system eliminates the negative impact of feed screw heat 
deformations on the accuracy of positioning of feed axis of CNC machine tools. 
Compensation takes place by means of a module implemented in the control 
system, which collects information from the temperature sensors located along 
the feed screw. The presented solution is designed for feed axes with a rotary 
encoders. It is characterised by a low cost compared to the axes positioned with 
commercially available magnetic or optical linear encoders. 

The use of the developed solution requires a correct solution to the problem 
of temperature sensors’ location in the feed screw. For example, to select the 
optimal places for the location of sensors in a face lathe a series of experiments 
allowing to diagnose the main ways of thermal deformations of the machine was 
performed, and then a selection of appropriate places on the basis of the 
engineering knowledge have been made [2]. In the paper [3], the authors placed 
a large number of sensors recording temperature during the measurement of 
thermal deformations of the machine, and then applied statistical methods for the 
selection of the optimal ones. To eliminate the time-consuming experiment, the 
papers [4, 5] proposed a development of an equation of machine heat conduction 
in a series, and the measurement of temperatures only in the points relevant for 
the significant series components. The derivation presented in the papers [4, 5] is 
based on the thermal conductivity equation developed in means of finite element 
method (FEM), in which the immovability of the heat source and the 
insignificance of the convection effect was assumed. 

In the case of heat deformations of feed screws [6-8], the researchers have 
not provided a criterion informing how to distribute sensors correctly in the feed 
screw. In this paper, to solve aforementioned problem, an original criterion 
supporting the selection of the proper number of sensors was presented. 

2. Derivation of the criterion 

2.1. Methodology 

Analysis of the structure of a conventional feed axis, i.e. using line guides 
and the ball screw as a gear (Fig. 1a), with locating and non-locating bearing 
arrangement, allows for fast identification of the main heat sources. These are 
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angular bearing units located in the bearing housings and ball bearings between 
the feed screw and the nut. 
a)  b) 

       
Fig. 1. Feed axis of the AVIA 760 CNC (a), the testing system (b) 

Adopting the following assumptions in relation to the issue describing the 
temperature distribution of the feed screw is as follows:  

• the issue has a one-dimensional nature (the ratio of length to the diameter 
is large enough to make this assumption reasonable), 

• the convection coefficient is constant, 
• the sectional area of the feed screw is constant, 
• the amount of heat generated as a result of friction is constant in time, 
• the feed screw is anchored axially at x = 0 – locating bearing unit, the 

second bearing unit is non-locating, 
• the ambient temperature is constant, 

it is easy to derive equations describing this distribution. This derivation is 
presented in Section 2.2. 

2.2. Heat balance equations 

The balance of heat flux for a situation described, with the above 
assumptions, is shown in Fig. 2. 

 

 
Fig. 2. Heath flow balance 

Unauthenticated | 89.67.242.59
Download Date | 5/12/13 5:31 PM



76 M. Pajor, J. Zapłata 

According to the balance of heat flux (Fig. 2), we can write the system of 
equations: 

 1 2acc cnd cnd cnv fQ Q Q Q Q= − − +& & & & &  (1) 
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where: accQ&  – heat flux accumulated in mass Δm, W; cnvQ&  – heat flux given off 

by convection, W; fQ&  – heat flux provided by friction, W; ,1cndQ& 2cndQ& – heat 

flux conducted in steel, W; fsnQ&  – heat flux generated in the bearings: screw-

nut, W; gbQ&  – heat flux generated in a bearing, W; mΔ  – infinitesimal mass., 

Cp – steel heat capacity, J/kg/°C; θ  – difference between the screw temperature 
and the ambient temperature, °C; λ – conductivity coefficient of steel, W/m2/°C; 
h – convection heat transfer coefficient at the surface of the feed screw, W/m/°C; 
P – feed screw parameter, m; A – sectional area of the feed screw, m2; ρ – steel 
density, kg/m3; Lnm – movement range of the nut. 

The system of equations (1)-(5) allows to determine the relationship 
between the temperature, time and x coordinate (along the feed screw axis) in 
the form of a non-linear partial differential equation (6) [9].  

 
2

2 fA Cp A P h q
t x

θ θρ λ θ∂ ∂
= − +

∂ ∂
 (6) 
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The equation is easily solved with the application of the numerical methods, 
using commercially available computational programmes, e.g.: Mathematica, 
Matlab. 

2.3. Estimation of thermal elongation 

Heat deformation of the feed screw δ(L) in the function of the movable 
table position can be determined by the following formula: 

 
0

( ) ( )d
L

L x xδ α θ= ∫  (7) 

where: δ(L) – thermal deformation in the function of distance from the locating 
bearing, µm, α – thermal elongation coefficient, µm/m, L – current position of 
the feed axis (position of the moving table), m, x – a coordinate parallel to the 
feed screw axis, m. 

2.4. Criterion 

Uncertainty of determining the thermal deformation is dependent on both 
measurement uncertainties Δθ(x) and ΔL, accuracy of estimation of the thermal 
expansion coefficient Δα, and the assumed form of the function approximating  
the temperature distribution. 

 ˆ ˆ( ) ( ) ( ( ))x x E xθ θ θ= +  (8) 

where: ( )xθ  – the actual function of thermal distribution, ˆ( )xθ  – approximation 

of thermal distribution functions, ˆ( ( ))E xθ  – approximation error. 

Since the position can be measured with high accuracy by means of a rotary 
encoder, the component related to it is irrelevant. The amount α should be 
determined experimentally [10], with an accuracy ensuring proper operation of 
the system. For the proper designation of the number of sensors needed for the 
proper operation of the system for the compensation of thermal deformation, the 
maximum error resulting from the form of the function approximating the excess 
of temperature  is of great importance. 

In the case when an approximation ˆ( )Lθ  is used in the form of linear spline 
functions, the integral of this approximation is called the Newton-Cotes 
quadrature [11], and the maximum error resulting from this numerical 
integration method provides the relationship: 
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where: h – range length, m; n – number of ranges. 

The impact of the uncertainty of numeric integration on the accuracy of 
heat deformation estimation is given in the relationship: 

 ( ) ( ( )d )x dx E x xθδ α θ∫Δ = ⋅ ∫  (10) 

After the conversion of the equation (6) and neglecting the component 
connected with the dynamics of temperature change, which for the system in 
question (Tab. 1) is small enough to make such a negligence, we obtain the 
following relationship: 

 
2

2

( )
( ) fqx P h
x

x A A

θ θ
λ λ

∂
= −

∂
 (11) 

Equations (9), (10) and (11) form a criterion which allows to determine the 
required number of necessary, equidistantly distributed sensors so that the 
maximum uncertainty of screw heat deformation resulting from the applied 
approximation of the temperature function was at the level of other components 
of the uncertainty budget (i. e. statistical errors). 

3. Criterion verification 

3.1. System parameters 

Parameters of the system which were used for the verification of the 
proposed criterion are presented in the Table below: 

 

Table 1. Geometric parameters of the feed screw and physical values [12, 13] 

Feed screw: VNB 2046-2962P 

Nominal diameter and stroke 40 x 16 

Total length 1210 mm 

Length „from a bearing to a bearing” 1082 mm 

Planned maximum speed of movement v = 50 mm/s 
Approximate load on the bearing unit F = 1600 N 

Coefficient of thermal conductivity of the screw material λ = 60 W/m/°C 
Heat transfer coefficient on the screw surface h = 6 W/m2/°C 
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Thermal capacity coefficient of the screw material Cp = 460 KJ/kg/°C 

Density of the screw material ρ  = 7850 kg/m3 

Kinematic viscosity of the lubricant in bearings υ = 100 mm/s2 

 

3.2. Estimation of the value of heat fluxes 

The heat flux generated as a result of the bearing friction can be calculated 
from the formula: 

 
2π
60

f fQ M n= ⋅&  (12) 

where: Mf – frictional moment, N·m;, n – rotational speed, r/min. 

The value of frictional moment is dependent not only on the geometric 
parameters of the bearing but also on the rotational speed of the bearing, the 
forces putting strain on the bearing or the lubricant viscosity. The value of this 
moment for angular bearings should be estimated on the basis of the Palmgren’s 
experimental model [14-16], applying the following formulas:  

 1t oM M M= +  (13) 
 
 1

1 1 12 mM f F dμ= ⋅ ⋅ ⋅  (14) 

 

 
2
3710 ( ) dla 2000o o mM f n d nυ υ−= >  (15) 

 
 7160 10 dla 2000o o mM f d nυ−= ⋅ <  (16) 

where: M1 – frictional moment dependent on the load, N·m; μ1 – friction 
coefficient dependent on the bearing load, unitless, dm – pitch diameter of the 
bearing, mm; Mo – frictional moment dependent on the viscosity, N·mm;  
fo – a coefficient dependent on the type of bearing and the lubrication type, 
unitless, υ – kinematic viscosity of the lubricant, mm/s2, n – rotational speed, 
r/min. 

Using the presented dependencies (13)-(16) we obtain an approximate value 
of the frictional moment and the heat flux generated in a single bearing node: 
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 30 N mmfbM ≈ ⋅  (17) 

 

 1.2 WfbQ ≈&   (18) 

Bearing manufacturers often offer ready spreadsheets on their websites, 
which enable to calculate the frictional moments of bearings [17-19]. 

To estimate the heat generated in the screw-nut bearing connection, it is 
helpful to use the manufacturer’s data. The friction torque range read from the 
computer aided design (CAD) drawing of the gear AVIA VNB 2046-2962P is 
equal to: 

 0,66 1,23 NmfnsM ≈ ÷  (19) 

 

 13 WfnsQ ≈&  (20) 

 

a) b) 

    
 

Fig. 3. Temperatures measured by the sensors during the reciprocal movement of the table of the 
feed axis, movement speed: 50 mm/s, range: 150-300 mm (a) and the temperature field estimated 
analytically on the basis of the data presented in Table 1 (b) – calculations by means  
 of Mathematica 

It has been assumed a priori that half of the heat generated both in the nut 
and the bearing nodes flows to the feed screw, whereas the second half is 
transferred to the nut or to the housing respectively. The frictional moment in the 
feed screw has been adopted at the level of the lower range limit (19).  

The comparison of Figures 3a and 3b allows us to state that the proposed 
method is sufficiently accurate to roughly estimate the temperature fields of the 
feed screw. 

3.3. Calculation of the criterion for the modelled  
temperature distribution 

x, m 

θ(x,t), °Cθ(x,t), °C

t, s t, s 
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The system of equations presented in section 2.3, solved for the modelled 
temperature distribution allows to calculate the maximum uncertainty of feed 
screw thermal expansion estimation with a given temperature distribution 
depending on the number of the applied sensors. The obtained results are 
presented in Fig. 4. 

The maximum registered positioning deviations for a working system of 
heat deformation compensation, decreased by the geometric error component are 
presented in Fig. 5. The geometric error has been removed by a numerical 
procedure which was deducting the values measured during the first 
measurement from the following series. The registered accuracies of positioning, 
depending on the number of sensors applied for compensation, are 26,9 µm for 2  
 

 

 
Fig. 4. The maximum uncertainty of feed screw thermal expansion estimation on the basis  

of the modelled temperature distribution 
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Fig. 5. Deviations of positioning for different temperatures: a) 2 sensor, b) 3 sensors, 
 c) 5 sensors, d) 9 sensors  

sensors, 10,4 µm for 3 sensors, 4,6 µm for 5 sensors, 3,3 µm for 9 sensors 
respectively. The applied number of sensors: 2, 3, 5, and 9, resulted from the 
physical feasibility of experiment implementation. It is necessary to emphasize 
that the provided data include also a random component of the positioning error. 
The obtained results corroborate the correctness of the proposed criterion. 

3.4. Calculation of the criterion for the worst,  
theoretically possible temperature distribution 

In the next part of the paper we adopted a simplified heat flux variant from 
the moving nut to the feed screw. It assumes that the heat transfer occurs in a 
single fixed point. This approach provides the most adverse temperature 
distribution, increasing the number of sensors at the same time. This distribution 
is described with the equation: 
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θ
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P
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λ

⋅
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⋅
 (22) 

The uncertainty of positioning, depending on the number of sensors, for 
such a temperature distribution is shown in the figure below. 

 
 

 
 

Fig. 6. The maximum uncertainty of thermal expansion estimated of the feed screw,  
for a temperature distribution possible only theoretically 

Figure 6 shows that obtaining the uncertainty estimated under the level of  
5 μm (linear encoder accuracy level) [20-22] requires the placement of 8-9 
sensors in the feed screw. It is necessary to remember that a given criterion is 
based on an estimation, therefore, it is always necessary to adopt a certain safety 
factor, selecting a larger number of sensors than it would result from the 
estimate itself. 

4. Conclusions 

The paper presents and verifies a criterion supporting the selection of an 
appropriate number of sensors to the system of compensation of feed screw 
thermal deformations depending on the system parameters.  

It is postulated that the number of the applied sensors should depend on the  
feed screw length, frictional moment in the nut and in the bearings, as well as the 
maximum speed of system operation in accordance with the models allowing for 
the estimation of the temperature distribution fields and determining numerical 
errors. It has been shown that the longer the feed screw is, and the larger the 
system preload is, the more sensors are necessary for the proper operation of the 
deformation compensation system. 
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It should be particularly emphasised that the increase in the number of 
sensors causes a decrease in the numerical errors, not causing any reduction in 
the random positioning errors. Thus, it is not advisable to increase the number of 
sensors in an unlimited way. 
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