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The advent of digitalization in manufacturing technologies imposes high requirements on 
the underlying sensor technology and signal processing methods. Measurement errors 
directly find their expression in the quality of the results from data-driven modeling. In 
addition, erroneous measurements may lead to severe complications in monitoring and 
control applications.
Against this background, the focus of this thesis is the development and evaluation of 
methodologies for the correction of systematic errors in cutting force measurements. The 
research framework is constituted the milling processes, which is characterized by a time 
variant cutting force. The examined measurement principle piezoelectricity, which is com-
monly used in cutting technology research.
The considered systematic measurement errors originate from the seismic mass represen-
ting the entire mass located upon the piezoelectric transducer. By this means, the usable 
bandwidth of the measurement system is limited. Cutting force measurements will be 
systematically distorted when the spectral content of the cutting force exceeds the usable 
bandwidth. In addition, inertial forces systematically super-impose a cutting force mea-
surement and the distribution of the gravitational force with regard to the measurement 
axes changes when the seismic mass is subjected to motion.
To be in control of the process of measuring cutting force, the requirements towards the 
sensor system were examined from a construction and machining process perspective 
first, and a methodology for milling processes was introduced to estimate the required 
bandwidth. In a second step, the systematic errors were modeled. For the transmission 
behavior of the measuring system, an oscillator model was introduced and a correspon-
ding system identification procedure was provided. Superimposing inertial forces were 
modeled by the means of Newtonian mechanics. The oscillator model was consequently 
integrated in a Kalman Filter for the correction of the transmission behavior of the sensor 
system. In this context, a parameter study was conducted to find an optimal paramete-
rization of the Kalman Filter. Moreover, the kinematics used for the correction of inertial 
forces was introduced. Finally, the presented correction methods were implemented on an 
embedded device, incorporating a field programmable gate that enabled the correction 
of the systematic errors in hard real-time.
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Formula Symbols and Abbreviations 
Formelzeichen und Abkürzungsverzeichnis 

 

Capital Letters 
A - Amplification Factor 

Ae - Expanded Continuous State Transition Matrix 

Aα - Flank Face 

Aγ - Rake Face 

C - Continuous Measurement Matrix 

Cc pF Cable Capacitance 

Ce - Expanded Continuous Measurement Matrix 

Cr pF Range Capacitance 

Ct pF Transducer Capacitance 

D m Diameter 

D - Lehr’s Damping Measure 

Fa N Active Force, Axial Force 

Fb N Bolt Force 

Fc N Cutting Force 

Fcen N Centrifugal Force 

Fcor N Coriolis Force 

FD N Thrust Force 

Feul N Euler Force 

Ff N Feed Force 

FG N Gravitational Force 

FG N Gravitational Force Correction 

FI N Inertial Force 

FI N Inertial Force Correction 

Fi N Input Force 

Fi N Process Force Component i 

Fk - Discrete State Transition Matrix 

Flin N Force due to Linear Acceleration 



IV Formula Symbols and Abbreviations

Fm N Measured Force 

Fo,e N Offset Force in Excitation Signal 

Fo,r N Offset Force in Response Signal 

FP,max N Maximum Peak Force 

FP,min N Minimum Peak Force 

FP N Peak Force 

Fp N Passive Force 

Fr N Radial Force 

FS N Shear Force 

Fs N Shunt Force 

Ft N Tangential Force 

Fx N Force in X-Direction 

Fy N Force in Y-Direction 

FZ N Resultant Force 

Fz N Force in Z-Direction 

G - Continuous Transfer Function 

G  - Static Gain 

GMS - Transmission Behavior of Measuring System 

H - Discrete Transfer Function 

H1 - Frequency Response Function Estimator 

H  - Frequency Response Function Estimator 

Hk - Discrete Measurement Matrix 

I - Characteristic Amplitude in Curve Fitting 

K - Kalman Gain 

Kc0 N/mm2 Dynamic Cutting Force Coefficient 

Kc i N/mm2 Dynamic Cutting Force Coefficient 

Kd0 N/mm2 Dynamic Cutting Force Coefficient 

Kd i N/mm2 Dynamic Cutting Force Coefficient 

Ki N/mm2 Cutting Force Component i 

K  N/mm2 Cutting Force Coefficient 

K  N/mm Cutting Force Coefficient 



Formula Symbols and Abbreviations V 

 

Mx Nm Torque in X-Direction 

My Nm Torque in Y-Direction 

Mz Nm Torque in Z-Direction 

No - Number of Overlapping Teeth 

Ns - Number of Slices 

Nt - Number of Teeth 

P - State Estimate Covariance Matrix 

Pc W Cutting Power 

Pf - Working Plane 

Pr - Tool Reference Plane 

Q C Electrical Charge 

Q- C Negative Electrical Charge 

Q+ C Positive Electrical Charge 

Qk - Process Noise Covariance Matrix 

Ri Ω Insulation Resistance 

Rk - Measurement Noise Covariance Matrix 

Rt Ω Feedback Resistance 

S mm Cutting Edge Length 

S - Innovation Covariance Matrix 

SXX - Auto Spectrum of X 

SXY - Cross Spectrum of X and Y 

T - Transducer, Transformation Matrix 

Tpas s Time After Peak 

Tpre s Time Before Peak 

TS s Measuring Time 

Tw s Force Window Width 

Tx Nm Torque in X-Direction 

Ty Nm Torque in Y-Direction 

Tz Nm Torque in Z-Direction 

U V Voltage 

Ui V Input Voltage 



VI Formula Symbols and Abbreviations

Uo V Output Voltage 

YI mm Outer Chip Thickness Modulation 

Y0 mm Inner Chip Thickness Modulation 

Small Letters 
a m/s2 Acceleration of Object in ICS 

aA m/s2 Acceleration of ACS in ICS 

ae mm Width of Cut 

aO m/s2 Relative Acceleration of Object in ACS 

ap mm Depth of Cut 

b mm Chip Width 

c N/ms-1 Damping  

cT N Correction due to Transmission Behavior 

dxx pC/N Piezoelectric Coefficient 

dxy pC/N Piezoelectric Coefficient 

eA - Amplitude Error 

eb - Allowable Bandwidth Error 

er - Random Error 

es,b . Known Systematic Error 

es,u - Unknown Systematic Error 

es - Systematic Error 

f Hz Frequency 

Δf Hz Frequency Resolution 

fb Hz Bandwidth 

fc Hz Cutoff Frequency 

fmax Hz Maximum Frequency 

fmax Hz Maximum Frequency 

fn Hz Natural Frequency 

fs Hz Sampling Rate 

ftp Hz Tooth Passing Frequency 

g m/s2 Gravitational Acceleration 

hc mm Chip Thickness 



Formula Symbols and Abbreviations VII 

 

hcu mm Undeformed Chip Thickness 

hw mm Boundary Undeformed Chip Width 

k - Discrete Time 

k N/m Stiffness 

kc1,1 N/mm2 Specific Cutting Force Coefficient 

ks V/με Strain Sensitivity 

m - Number of Measured Variables 

m kg Mass 

mb kg Preload Bolt Mass 

mbp kg Base Plate Mass 

mc - Specific Cutting Force Gradient 

mcp kg Cover Plate Mass 

mf kg Fixture Mass 

ms kg Seismic Mass 

mt kg Transducer Mass 

mw Kg Workpiece Mass 

n - Number of States 

ns - Number of Piezoelectric Slices 

p Ns Impulse 

p ° Pitch Angle 

r m Position of Object in ICS, Radius 

rA m Position of ACS in ICS 

rm - Range of a Output Quantity 

rO m Relative Position of Object in ACS 

ro % Overshoot 

r  s Time Resolution 

rV - Value Resolution 

sT,0 pC/N Transducer Sensitivity 

sT pC/N Pretensioned Transducer Sensitivity 

t s Time 

tD με Discrimination Threshold 


