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Abstract 

The thermal behaviour of machine tools is influenced by internal and external heat 

sources and sinks. Significant influences on the machine tool under investigation are 

heat losses in drives and the spindle, cooling systems and the environmental 

temperature variation. In this paper a model of an internal cooling system for rotary 

and swivelling axis unit of a 5-axis machine tool is described. The approach is 

included in a physical compensation model described in [1]. The paper concludes by 

showing the improvements in compensation. 

 

1. Introduction 

Thermally induced errors of machine tools represent one of the most significant 

influences to the geometric accuracy of manufactured work pieces. For long times, 

measurements and the reduction of thermally induced errors were focused on three 

axis machine tools. Different standards such as ISO 230-3 [2] provide measurement 

setups and strategies for the quantification of these influences. Driven by the demand 

of more complex workpieces, 5-axis machining becomes increasingly important even 

for high precision applications. The thermally induced deviations of rotary axes 

therefore become the focus of our research activity. 

Two different simulation models with a physical and a phenomenological approach to 

characterize the thermal behaviour of rotary axes, and to predict thermally induced 

position and orientation errors are presented in [1] and [3]. 

The research work presented in this paper describes the approach for modelling of an 

internal cooling system for a rotary and swivelling axis unit of a 5-axis machine tool. 

The cooling system model is implemented in the physical compensation model 

described in [1], which is based on a system of differential equations for a simplified 
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machine model. The simplification is based on measurements of thermal errors of the 

machine tool under consideration. 

In Figure 1 the load cycle used to verify the cooling model is shown. All further 

measurements and evaluations are based on this load cycle. 

 

Figure 1: Used load cycle: green gives the rotational speed of C at B-axis position 0°, 

red shows B-axis position 90° with C axis speed equal to zero. 

 

2. Internal cooling system 

 

Figure 2: Measured temperatures,    : inlet temperature of coolant,        and       : 

outlet temperature of coolant for B and C axis,   : environmental temperature 

 

The internal cooling systems outlet temperature is controlled by the bed temperature 

of the machine tool. The inlet flow  ̇   is split in two cooling streams for B-axis  ̇     

and for C-axis  ̇    . Measured temperatures are the inlet temperature     and the two 

outlet temperatures of the B-axis        and C-axis       , as well as the 

environmental temperature    (Figure 2). The inlet flow  ̇   is measured with a flow 

meter. The electric power consumption of the cooling compressor is measured. The 
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measurements are necessary for modelling the cooling power. The inlet temperature 

    is influenced by the actual axis speed, shown in Figure 2. 

The cooling power of a chiller  ̇ depends on the coefficient of performance (COP) 

and the power consumption  ̇ of the chiller. 

     
 ̇

 ̇
 (1) 

The power consumption of  ̇ can be computed with: 

  ̇    (
  

 
)
 
 (

  

 
)
 

 (2) 

Where A, B, X, Y and Z are constant parameter and    and    are the power 

consumption of axis B and axis C read out of the machine tool control. In Figure 3 

the computed and measured cooling power of the machine tool chiller is shown. The 

inlet temperature     can be computed with the mass flow of the coolant, the heat 

capacity of the coolant and the cooling power of the chiller. With (1) and (2)     only 

depends on the axis power    and   . 

 

Figure 3: Computed and measured cooling power of the chiller 

 

3. Compensation of thermal induced errors 

The model of the cooling unit is included into a physical compensation model [1] of 

the investigated machine tool. In Figure 4 the measured thermally induced tool centre 

point (TCP) error Y0C, Y position of C-axis, is given for the uncompensated machine 

tool, the machine tool compensated with a model using the bed temperature (which is 

the reference for the cooling unit) as fluid temperature and the machine tool 

compensated with the model for     of section 2. In Table 1 the reduction of the 

thermal error of a five axis machine tool is shown. It can be seen, that the 

compensation of all errors can be improved using the cooling fluid model. 
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Figure 4: Thermally induced TCP errors Y0C for uncompensated and compensated 

machine tool: compensation with bed temperature and with cooling model 

 

Table 1: Error reduction with compensation model 

 Y0C Z0T R0T A0C 

Compensation with bed temperature 79 % 56 % 36 % 45 % 

Compensation with cooling model 84 % 83 % 79 % 49 % 

 

4. Conclusion 

The paper presents an internal cooling model as an extension for a physical machine 

model based on differential equations. The parameters of the cooling model are 

identified based on measurements of the electric power of the cooling unit and data 

read-out of the machine tool control. The significant thermal errors of the machine 

tool can be reduced with the extended compensation model between 49 % and 84 %. 

The model is applicable to linear axes and complete machine tools. 
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