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Abstract 

 
The accuracy of a subtractive machining process is affected by the error motions 

of the machine tool spindle. Excessive error or concern over the spindle condition 

can cause unscheduled downtime, scrap or rework, unexpected production delays, 

and customer disappointment. There are various techniques and measurement 

systems available for spindle error motion measurement. They typically include 

the use of several displacement sensors and a test bar. Different methods are 

available for the separation of spindle error motion from the roundness error of 

the test bar. The three main types of spindle error separation techniques are 

reversal, multi-probe, and multi-step approaches. The Donaldson reversal method 

is a common technique used for spindle error separation. In this method the 

artefact (test bar) and displacement sensor needed to be physically rotated to 

obtain each measurement. 

     In this research, a new implementation of the Donaldson reversal technique 

with multiple probes is developed so that the manual rotation of the measurement 

setup is not required. The artefact and spindle error motions are simulated in a 

computer-generated model. Various thermo-mechanical errors were introduced to 

evaluate the performance of the error separation algorithm for high-speed 

applications. The simulation result indicates that the effect of test bar roundness 

error along with external random errors has been separated and most of the system 

effects have been reduced. The outcome of this research can be used in an 

industrial spindle error measurement system. 

 

1 Introduction 
 

The accuracy of a machine tool spindle is a fundamental requirement of any high-

precision machine. A machine tool consists of one or more linear or rotary axis. 

The spindle rotates the tool or workpiece around an axis of rotation. Many factors 
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can cause errors in spindle motion. In ultra-precision manufacturing, it is always 

desirable to reduce the errors to the least possible value. 

     There are different sources of spindle error motions [1-3], which include the 

imperfection in the bearing geometry, structural error motions and thermal effects. 

When measuring the error motion, external error sources such as machine and 

floor vibration, artefact (test bar) form error, ambient temperature, and other noise 

sources influence the measurement system which necessitate the use of an error 

separation method [4]. There are various techniques used in metrology for spindle 

error separation. According to Chen et al. [5], there are mainly three different 

methods for error separation of spindle error measurement which are reversal, 

multi-probe and multistep.  
     Multiple measurements are made for each spindle error component in the 

multistep method. Typically, the artefact is rotated in equal steps with respect to 

the probe for measuring the error components [6]. According to Linxiang [7], the 

multistep technique is suitable for high precision roundness error of a machine 

tool. Although the measurement can be recorded in the nanometric range, the error 

separation accuracy is questionable in this method due to the cumulative 

uncertainty in multiple measurement steps. 

     The multi-probe method performs the error measurement simultaneously with 

three or more probes [6]. Whitehouse [8] explained that the multiprobe system 

could eliminate any desired order of variable error, but it is susceptible to 

harmonic suppression. Even though this method produced adequate results, the 

multi-probe method requires proper orientation of the sensors. Any deviation from 

the orientation can cause measurement errors.  
     The reversal method is regarded as a commonly used ‘complete’ error 

separation technique. Evans et al. [9] discuss many strategies, such as Donaldson 

reversal, Estler's reversal, level reversal, and straightedge reversal. This method 

requires two measurements to compute a single component of spindle error  [6]. 

Both the displacement sensor and the artefact are turned in the Donaldson reversal 

technique for accurately separating the spindle error motion from part error [10, 

11].  

 

 
Figure 1: Donaldson reversal (modified from [11]) 
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     In Donaldson reversal, two radial error measurements are taken at M1(θ) and 

M2(θ) as shown in figure 1. The artefact and sensor assembly are rotated by 180° 

to perform these two measurements. The ‘θ’ represents the degree of rotation. The 

artefact’s form error and spindle error motion (radial) are represented        by A(θ) 

and S(θ) respectively. Then according to Donaldson reversal technique [11] : 

  

M1(θ)= A(θ)+S(θ)      (1) 

M2(θ)= A(θ)-S(θ)      (2) 

 

     The spindle error motion and artefact’s form error can be easily obtained and 

is represented in equations 3and 4. 

 

S(θ)= (M1(θ)- M2(θ))/2     (3) 

A(θ)= (M1(θ)+ M2(θ))/2     (4) 

 

     While this method accurately separates spindle error from part error, rotating 

both probes and the artefact by 180° is not always feasible [12]. This research 

work aims to create a measurement system, utilising two sensors to perform a 

reversal which can eliminate the manual reversal problem associated with this 

technique. Since this is an extension of Donaldson reversal technique and the 

results are obtained using software, the new approach is referred as Digital 

Donaldson Reversal (DDR) throughout the report. 

 

2 Spindle error separation model 
 

In this research, the simulated evaluation of the proposed DDR is performed. The 

LabVIEW software [13] is used to generate the various error signals including the 

spindle, test bar, external vibration errors and evaluate the error separation in 

accordance with ISO 230-7:2015 [1].  For the DDR approach, two sensors are 

kept a nominal 180° apart. Any position error of the sensor can be compensated 

within the software or at the data processing stage. The position of the sensor and 

artefact (test bar) is shown in figure 2. The total error motion of the spindle and 

the contribution of external error sources are generated in this simulation. 
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Figure 2: Test setup for radial error motion 

 

     In this research, only the radial error motion of a single axis is considered. The 

knowledge is transferable to measure the radial error motion of the other axes and 

tilt of the machine tool spindle. This method can be applied with any type of non-

contact displacement sensor with submicron resolution and sufficient bandwidth. 

It can be capacitive, inductive or optical sensors, and the test mandrel selection 

will be based on the sensor used. The total error motion of the spindle consists of 

both synchronous and asynchronous radial error motions. One of the main 

contributing factors towards the structural spindle error motion is the ‘noisy 

rolling element bearings’ [1]. For the simulation, the rolling element defects such 

as inner and outer ball pass frequencies, fundamental train frequency, and the ball 

spin frequency is calculated. General equations were derived to obtain the values 

of bearing fault frequencies and is shown in Table 1 [14, 15]. 

 

Table 1: Bearing fault frequency (Hz) 

Ball Pass Frequency Inner (BPFI) 12.773×(RPM/60) 

Ball Pass Frequency Outer (BPFO) 11.227×(RPM/60) 

Ball Spin Frequency (BSP) 14.938×(RPM/60) 

Fundamental Train Frequency (FTF) 0.4678×(RPM/60) 

 

     Different types of external errors that affect the measurement are considered 

in this simulation. The parameters of these error noises are obtained from the real 

time data of the spindle error measurement system. Simulation is then carried out 

with these parameters in the LabVIEW software. Since two sensors are involved 

in the DDR technique, two sets of combined error signals are obtained.  
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3 Implementation of Digital Donaldson Reversal (DDR) 
 

As mentioned in section 2, the original spindle error motion consists of different 

bearing fault frequencies. Figure 3.a shows the polar representation of the total 

error motion of the machine spindle deriving from the four bearing fault 

frequencies given in Table 2. The speed of the machine spindle is considered as 

10000 RPM. Substituting this in the equations at table 1, we get the values of 

bearing fault frequencies as shown in Table 2. 

 

Table 2: Bearing fault frequency. 

Ball Pass Frequency Inner (BPFI) 2128.83 Hz 

Ball Pass Frequency Outer (BPFO) 1870.5 Hz 

Ball Spin Frequency (BSP) 2489.67 Hz 

Fundamental Train Frequency (FTF) 77.9667 Hz 

 

Table 3: Parameters of the simulation. 

S No  Parameter  Specification value  

1 Spindle speed (RPM) 10,000 RPM 

2 Spindle speed (Hz) 166.67 Hz 

3 TIR amplitude 10 µm 

4 BPFI value 0.5 µm 

5 BPFO 0.45 µm 

6 BSP 0.35 µm 

7 FTF 0.15 µm 

8 Vibration (Common to both) 0.91 µm 

9 Vibration frequency (Common to both, E1) 900 Hz 

10 Noise (Common to both) 0.45 µm 

11 Noise frequency (Common to both, E2) 1450 Hz 

12 Noise at Sensor 1  0.62 µm 

13 S1 Noise Frequency (E3ˈ) 550 Hz 

14 Noise at Sensor 2  0.55 µm 

15 S2 Noise Frequency (E4ˈ) 450 Hz 

 

     Traditionally, separating the spindle error motion and the artifact’s (test bar) 

form error utilises the data obtained from the displacement sensor. In this 

simulation, the artefact’s form error is generated as random error signal. However, 

several other sources of external errors like the noise from the vibration of the 

machine tool and the local environment which may be a busy factory shop floor. 

Furthermore, the effects of ambient temperature, fluctuations in the power supply, 

electro-magnetic interferences, light interference (for optical sensors), etc. affect 

both sensors simultaneously. DDR simulation combines all these errors and sums 

it up to two main errors, one is dedicated to the vibration (E1) while the other is 

considered as the sum of all other errors including the artefact’s form error (E2). 
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These two types of error signals are generated to create the effect of 

contemporaneous error at both the sensors (E1 & E2).   

     Although the sensors are linear and calibrated, there are some non-uniform 

conditions that can cause measurement error. This error varies with respect to the 

sensor. Since this type of error is sensor-dependent, two different noise signals 

are generated that corresponds to the two sensors (E3ˈ & E4ˈ). So, altogether there 

are three types of error signals considered in each sensor. For sensor 1 and sensor 

2 two error signals remains the same (E1 & E2) while the third one differs (E3ˈ & 

E4ˈ), that corresponds to the sensor-dependent error. The parameters used in the 

simulation are shown in Table 3.  

 

4 Simulation results  
 

The DDR simulation was performed, and the error separation was executed. The 

results obtained are analysed in the following section. Figures 3 and 4 depict the 

polar representation of the error separation. The green and black circles represent 

the range of maximum and minimum values respectively. The average of the error 

data is indicated by the red circle. It is assumed that a trigger signal can be used 

to ensure accurate extraction of the data sets for each revolution of the artefact. 

 

 
Figure 3: Polar Plot of (a) Generated spindle data, (b) Sensor 1 and (c) Sensor 2 
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     The simulated spindle error motion that consists of bearing faults and radial 

error motion is depicted in figure (3.a). The measured output (simulated) 

corresponding to both sensors are shown in figure (3.b) and (3.c). After analysing 

the data from sensor 1 and sensor 2, the effect of the external error noises (E1, E2, 

E3ˈ & E4ˈ) are clearly visible. The polar representation has a circular shape 

because this simulation does not consider the variable stiffness within the spindle 

axis or the supporting machine structure. 

 

 
Figure 4: Polar Plot of (a) Separated spindle error motion and (d) Artefact & 

external errors 

 

     The Digital Donaldson Reversal technique has separated the external error 

sources from the original spindle error motion, shown in figure 4.  The separated 

artefact error signal consists of most of the supplied error signal. The frequency 

analysis will provide more insights about the error separation. 
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Figure 5: FFT of (a) Generated spindle data, (b) Sensor 1 and (c) Sensor 2 

 

     The FFT of generated spindle error signal (figure (5.a)) shows the radial 

motion of the spindle at 166.67Hz (10000 RPM) along with bearing fault 

frequencies at 77.9667 Hz (FTF), 1870.5 Hz (BPFO), 2128.83 Hz (BPFI), and 

2489.67 Hz (BSF). In addition to the spindle error motion frequencies, the sensors 

indicate the supplied external error frequencies (figure (5.b) & (5.c)). Both sensors 

have contemporaneous errors with 900 Hz (E1) and 1450 Hz (E2). Sensor 1 has a 

separate noise of 550 Hz (E3ˈ), and sensor 2 has the same at 450 Hz (E4ˈ). 

 

 
Figure 6: FFT of (a) Separated spindle error motion and (b) Artefact & external 

errors 
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     The separated artefact error signal (figure (6.b)) consists of error frequencies 

at 450 Hz, 550 Hz, 900 Hz and 1450 Hz. The separated spindle error (figure (6.a)) 

signal indicates spindle error frequencies of 77.9667 Hz, 166.67 Hz, 1870.5 Hz, 

2128.83 Hz and 2489.67 Hz, and the external error frequencies of 450 Hz and 550 

Hz. The results of the DDR technique separate the contemporaneous external 

errors completely, while individual error noise is partially separated. 

     From practical test data, the effect of the individual error noise can be assumed 

to be minimal. The amplitude observed for this error was in the submicron (less 

than 0.1µm). An error compensation system can reduce the effect of this error. 

This will be the future work, along with the selection of a suitable displacement 

sensor. 

     Nevertheless, the DDR technique was able to separate all forms of error noises, 

including the prominent vibration and artefact form errors. Multiple sensor pair 

combination may be employed to measure the radial, axial and tilt motion of a 

machine tool spindle. This technique could be applied with low-cost displacement 

sensors so that it may be able to replace costly conventional sensor systems.  

 

5 Conclusion 

 
Spindle measurement may employ the Donaldson reversal method which is 

performed by manual reversal of the test mandrel and displacement sensor. In this 

paper, a new system is proposed to eliminate this manual reversal using a dual 

opposing sensor approach. The radial error motion of the machine spindle was 

generated and supplied with various thermo-mechanical errors. The simulation 

results showed that prominent random external effects besides the test bar error 

were separated completely while most of the system effects has been reduced to 

50%. The future scope of the project is to create error compensation system to 

decrease the effect of the systematic errors. 
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