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ABSTRACT 

 

ACTIVE COMPLIANCE CONTROL STRUCTURE DESIGN FOR A 

ROBOTIC -GRINDING MACHINE  

 

 

Abd¿lhamit D¥NDER 

M.Sc., Department of Mechanical Engineering 

Supervisor: Assoc. Prof. Dr. E. Ķlhan KONUKSEVEN  

            

September 2017, 115 Pages 

 

Grinding operation has an advantage of precise form shaping in machining processes. 

However, if the surface profile is not known before the machining process, it is hard 

to obtain an accurate surface profile using a grinding operation. In this work, a novel 

method to compensate the form shaping errors in grinding operations due to the lack 

of a priori knowledge of the surface profile will be presented. Grinding operation on a 

workpiece with an unknown surface profile is aimed. Compliance force control is 

implemented by means of admittance control in two degrees of freedom using a piezo 

actuator and a hexapod parallel manipulator. The desired force interaction between the 

tool and the workpiece was achieved by imposing an offset from the preset depth of 

cut. Additionally, tool deflection due to the grinding forces of the robotic grinding 

setup is taken into consideration. The deflections are computed from the grinding 

forces in real time and the compensation is performed by the hexapod robot in six 

degrees of freedom. Based on the literature review, this is the first study in which 

grinding on a workpiece with an unknown surface profile was performed while tool 

deflection due to the grinding forces was compensated. Two different control 

algorithms namely PID control and Active Disturbance Rejection Control were tested 

on a robotic grinding setup and the experiment results are discussed. 
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¥Z 

 

ROBOTĶK-TAķLAMA MAKĶNESĶ Ķ¢ĶN AKTĶF UYUM KONTROLC¦ 

TASARIMI  

 

 

Abd¿lhamit D¥NDER 

Y¿ksek Lisans, Makine M¿hendisliĵi Bºl¿m¿ 

Tez yºneticisi: Do. Dr. E. Ķlhan KONUKSEVEN 

 

Eyl¿l 2017, 115 Sayfa 

 

Taĸlama iĸlemi hassas y¿zey elde etme amacēyla yapēlan bir talaĸlē imalat yºntemidir. 

Y¿zey formunun ºnceden bilinmediĵi durumlarda taĸlama iĸlemi ile hassas y¿zey elde 

etmek robotik taĸlama iin zor bir s¿retir. Bu alēĸmada, y¿zey formunun ºnceden 

bilinmemesinden dolayē oluĸan form ĸekillendirme hatalarēnēn aktif uyum 

kontrolc¿leri ile telafi yºntemleri ¿zerinde durulmuĸ, ĸekli bilinmeyen bir iĸ 

parasēnēn robot tarafēndan ºzg¿n bir yºntem ile taĸlanabilmesi hedeflenmiĸtir. 

Kuvvet uyum kontrol¿; bir tanesi y¿ksek frekansta hareket edebilen piezo eyleyici, 

diĵeri hekzapod robot ile kontrol edilen 2 serbestlik derecesindeki kontrolc¿ ile 

saĵlanmēĸtēr. Ek olarak, taĸlama kuvvetlerinden dolayē oluĸan kesici takēm sehimi ve 

aēsē da dikkate alēnmēĸtēr. Oluĸan sehim ve aē farkē gerek zamanlē olarak kuvvet 

geribeslemesi ile hesaplanēp, 6 serbestlik derecesine sahip hekzapod robot ile 

kompanzasyon saĵlanmēĸtēr. Yapēlan literat¿r taramasēna gºre, bu alēĸma, aē 

kompanzasyonu uygulanērken ĸekli bilinmeyen bir numunenin taĸlama iĸleminin 

gerekleĸtirildiĵi ilk alēĸmadēr. PID ve aktif bozucu giriĸ engelleme kontrolc¿s¿ 

olmak ¿zere iki farklē kontrolc¿ denenmiĸ, robotik taĸlama d¿zeneĵinde yapēlan 

deneyler ve sonular ¿zerindeki tartēĸma sunulmuĸtur. 
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CHAPTER 1 

 

INTRODUCTION  

 

Together with the occurrence of Industry 4.0 concept, the necessity for frequent 

changes in the produced parts has started to change the structure of the manufacturing 

systems. Due to the increased demand on customized products, the studies related to 

adaptive machining centers have gained recognition for the last two decades. In 

particular, machining of a work-piece with an unknown shape is one of the main 

concern of modern-day researchers since significant part of the overall cost is allocated 

for extracting computer aided design (CAD) models of the work-pieces and path 

planning studies.  

Even if the CAD model of the work-piece is available, most of the time, it is hard to 

perform good calibration of the work-piece and the robot [1].  Additionally, due to the 

finite stiffness of the robotic grinding systems, the angle of the tool is affected 

according to the grinding forces. This is one of the major reasons for unqualified 

surface finishes.  

In this study, grinding of a work-piece with an unknown shape was investigated, 

admittance control based active compliance controller was developed and 

implemented on the robotic ï grinding setup. For implementation purposes a piezo 

actuator was added to the robotic grinding system. Tool angle compensation is also 

implemented in real-time. 

For control structure, two different methods namely proportional - integral ï derivative 

(PID) and active disturbance rejection control (ADRC) were utilized and compared. 

The optimization of controller parameters was done by genetic algorithm. System 
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identification techniques were utilized in order to estimate the system model 

parameters. 

1.1 Automated Grinding Systems 

Grinding operation is one of the most important processes in order to obtain smooth 

surfaces. It is an abrasive machining process. However, in manual grinding, the quality 

of the operation mostly depends on the skills of the operator. Therefore, automated 

grinding systems have gained recognition in the last decades. 

The developments in path planning algorithms and control systems paved the way for 

robotic grinding systems. 

CNC machining centers with high stiffness are commonly used in industry for 

grinding purposes. Their disadvantage is relatively small working ranges and high 

investment costs compared to industrial serial manipulators. However, the 

disadvantage of industrial serial manipulators is that they have relatively low machine 

stiffness correspondingly low accuracy[2]. Another kind of manipulator used in 

robotic machining is parallel manipulators. Even though their precision characteristics 

are better compared to serial manipulators, the limited working area they have is one 

of the most important drawbacks of them.  

The combination of parallel and serial manipulators in robotic grinding was first 

proposed in [3]. This structure offers both high reachability and high precision. 

In the last decade, with the advance of piezo-electric technology, piezo-actuators 

started to be seen in some robotic grinding applications where high frequency and 

precise movements are needed. 

1.2 Motivation  

Due to the difficuty of manual grinding operation, automated or robotized grinding 

cells have started to be seen in the industry. Although even an unexperienced person 
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can learn how to perform grinding at a certain level very fast, the robotization of this 

process is challenging.  

In robotic - grinding, most of the robot control systems in industry require the work-

piece shape or end-effector path, which can be obtained by means of off-line 

programming, CAD models etc.  

One of the ways of reducing the task programming phase which covers the important 

part of the overall cost is the bringing the robotic grinding system in capability to cope 

with a work-piece with an unknown shape. The realization of this is significant 

especially when frequent changes occur in production. 

One of the places where frequent changes occur in production is water jet cutting 

companies. Due to the nature of water jet, the cut surface is left as uneven. Therefore, 

these porducts are machined in milling machines after cutting operation. Once the 

materal is removed from water jet table, in order to put it on a milling table again, 

calibration between the machine and the workpiece should be performed. However, 

most of the time, perfect calibration cannot be reached in exchange for limited time. 

With the proposed approach in this work, this calibration procedure is eliminated and, 

most importantly, time which was spent unnecessarily will be saved. 

Additionally, the burr locations are generally unknown after machining. For instance, 

after moulding and milling, in order to remove the burrs, proposed approach in this 

study, can be utilized as well. 

 

1.3 Grinding process forces  

As in the other machining applications, the generated force components in grinding 

has one of the most important effects in terms of surface quality. These forces are 

generally dependent on the quality of the cutting tool, the material of the work-piece, 
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spindle speed, depth of cut and feedrate. Additionally, the wear of the tool gradually 

affects the process forces. 

As it is seen in Figure 1, the direction which is tangent to the surface is called tangential 

direction, and the direction perpendicular to tangential direction is called the normal 

direction. Therefore, grinding force in normal direction is called normal force, 

similarly the force in tangential direction is called tangential force. 

 

 

Figure 1 - Illustration of the grinding operation on a flat surface 

 

In Figure 2 red circle represents the cutting tool, ñmdò is short for moving direction of 

the tool. Tangential force is shown by Ὂ  and the normal force is shown by Ὂ . 

 

 

Figure 2 - Illustration of the grinding operation on a curvy surface 

 

Tangential Direction Normal 
Direction 

Work-piece 

t 
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1.4 Force Control in Robotic Grinding 

When a compliant relative motion of the work-piece and the tool is desired, force 

control is a kind of control strategy that can be encountered frequently. 

The system is called a compliant system when the end effector trajectory is modified 

based on online sensor information during the process [4]. In order to apply, for 

instance, a constant normal force, an active compliant system is needed.  

 

 

Figure 3 - Linear motion with applied force control[5] 

 

Grinding interaction forces can affect the temperature distribution, tool wear, 

efficiency, material removal, therefore controlling the grinding forces is one of the 

ways of determining the machining quality. 

One of the advantages of force control is that the force controlled robotic grinding 

system can track the unknown surface by trying to keep the interaction force constant 

(Figure 3). By doing so, grinding operation of a work-piece with an unknown shape 

can be performed which can reduce the task programming phase that is the main 

motivation of this thesis.  
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Another advantage of force controlled grinding is that it prevents the work-piece to be 

ground with reduced material removal rate as wheel wear occurs [6]. In [7] it was 

shown that the force control technique can reduce the average grinding force and 

grinding force variation. Additionally, as stated in [8] force controlled grinding 

requires less stringent calibration. 

 

1.5 Machine tool stiffness: Tool deflection compensation 

Grinding with constant normal force and constant tangential velocity is a well-known 

approach for increasing the operation accuracy and getting constant depth of cut and 

surface quality along work-piece. However, the mentioned approach is effective when 

using universal grinding machines that are stiffer than CNC type machines and the 

deflection of the tool and setup is negligible. In the case of robotic grinding, the 

stiffness of the robot and setup is approximately 30 times lower than CNC type 

grinding machines (this was concluded by comparing [9] and [10]). Consequently, 

there are considerable tool and setup deflections which have significant effect on the 

grinding forces. During grinding with CNC type machines when there is a flat work-

piece profile and if the grinding parameters (depth of cut, spindle speed and feedrate) 

are constant, the grinding normal and tangential forces are expected to be constant 

either. But in the robotic grinding due to lower stiffness and tool-setup deflection, the 

grinding forces can show three different characteristics through the work-piece profile 

even when the grinding parameters are constant and the work-piece has flat surface 

profile. The mentioned three characteristics are classified in three regimes in [11]. In 

the first regime the grinding forces remain almost constant because the tool is able to 

cut the work-piece with set feedrate. In the second regime there is an almost linear 

increase in grinding forces because the tool cannot cut the work-piece with set feedrate 

and consequently tool deflection happens. In the third regime a transition between 

regime 1 and regime 2 happens where small tool deflection occurs followed by 

immediate compensation. 
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The mentioned difference between characteristics of the robotic grinding and CNC 

type grinding shows the effect of tool deflection and setup stiffness on normal and 

tangential forces behaviors. In grinding operation with force feedback, commonly the 

force sensor is mounted behind the spindle or underneath the work-piece. If tool 

deflection happens, an misalignment occurs between tool tip reference frame and the 

force sensor reference frame as shown in Figure 4.  

In this case the measured normal and tangential grinding forces by the sensor are not 

grinding forces of the tool reference frame because of the mentioned misalignments. 

Thatôs why in this study, compensation of these misalignment is considered as well. 

 

 

Figure 4 - Illustration of the deformation of a grinding tool 
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1.6 CBN Tools 

CBN abrasive mounted bits (Figure 5) are frequently preferred in precision robotic 

grinding due to the following properties they have: 

¶ Excellent wear resistance  

¶ Heat dissipation 

¶ CBN tools do not require frequent dressing operation as tool wear occurs,  

¶ They do not require the usage of coolant [12].  

¶ CBN grains are much harder than aluminium oxide and silicon carbide grains 

[12] 

These are why CBN tools were used as the machining tool in the scope of this 

thesis. 

 

 

Figure 5 - Cylindrical CBN tools [13] 
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1.7 Organization of the Thesis 

The contents of the chapters are as follows: 

Chapter 2 provides a literature survey of force control in robotic grinding, researches 

considering tool deflection, piezo actuators in machining and hybrid force/velocity 

control. 

Chapter 3 explains the used experimental setup and measurement setup which was 

build in the scope of this thesis. 

In chapter 4, two DoF hybrid velocity force control structure is discussed. In this 

control structure normal force and tangential velocity was tried to be kept constant and 

in this study this method was implemented on the robotic grinding setup. 

In chapter 5, the method for modelling and optimization of controller parameters is 

explained and the SIMULINK model for simulation is discussed. The unknown 

surface profile was modeled as sinusoidal shape. Genetic algorithm was utilized for 

the optimization of controller parameters. 

In chapter 6, the tool deflection compensation method which was developed for the 

hexapod robot grinding tool was given. In order to measure the amount of deflection 

cantilever beam theory was utilized. The tool compensation is performed in two axes. 

In chapter 7, conducted experiments are explained and the used SIMULINK models 

together with the optimized parameters are given. 

In chapter 8, the results of the conducted experiment are shown. Additionally, surface 

form measurements of the ground sample are given. 

Finally, chapter 9 presents the discussion and the conclusion.  
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CHAPTER 2 

 

LITERATURE SURVEY  

 

2.1 Force Control in Grinding  Operations 

It is well known that one of the effects of the force variation is surface roughness in 

grinding operation[7]. Force data coming from the interaction of the tool and the 

workpiece is the main source of information [14]. Ref. [15] is the first study which 

proposes force controlled grinding.  

Explicit force control which is the strategy used in this thesis, keeps the inner position 

control loop and implements admittance control. According to the difference between 

reference grinding force and the measured grinding interaction force, suitable motion 

of the manipulator is performed in order to obtain the desired force. Inner position 

loop improves the stability[16]. In contrast to this, the position is extracted from the 

measured force in implicit force control. Since the desired position is known, 

consequently the distance the robot should cover is known. Therefore, the manipulator 

gives the appropriate movement which corrects the current robot position[17]. 

In[7], a force control system for a CNC machining center was designed to reduce the 

grinding force variation and surface roughness. The system includes an electric hand 

grinder mounted on a CNC machining center, a force sensor to measure the normal 

grinding force, and a force control sub-system to adjust the grinding depth. The system 

is shown in Figure 6. Constant normal force control technique was developed by the 

authors. 

In[17], the authors investigated simple position based force control algorithms for an 

industrial robot and proposed a proportional controller with positive position 

feedback. The grinding system they utilized is shown in Figure 7. 
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Figure 6 - Grinding system [7] 

 

 

Figure 7 - Grinding system [17] 

 

In [18], force dependent feed-rate control and orthogonal force (pressure) control was 

studied. In [19], a control strategy was studied in which the goal is to simultaneously 

track the desired motion in tangential direction and regulate the desired force normal 
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to the surface. In [20], an adaptive force control based deburring algorithm was 

developed. This algorithm is used to maintain the interaction between the work-piece 

and the deburring tool. The algorithm aims to make the normal force and normal 

velocity equal to zero. Throughout this adaptive algorithm, big burrs can be efficiently 

removed and damage to the work-piece under unexpected conditions can be avoided. 

In [21], the proposed controller allows the achievement of the decoupling of the 

normal force and tangential velocity control loops of robot manipulators employed in 

the contour tracking task of objects of unknown shape. 

In [4], general properties of active force control methods have been discussed. In [16], 

the robot control system is based upon the external force control. They keep the 

original position control loop and added external force control loop as a new major 

loop. In [22], a model for grinding process of an automatic grinding system with 

grinding force control was developed and the corresponding PID controller was 

designed. In [23], the paper deals with the use of a hybrid force/velocity control law 

for the robotic deburring of planar work pieces with an unknown shape. They 

controlled the normal force, tangential velocity and normal velocity.  

In [24], an algorithm was developed in order to control the interaction force between 

tool and the work-piece. A plate and a roller are used to guide the tool. These guides 

prevent the tool to exceed a certain depth of cut. The interaction force between the tool 

and the work- piece is kept constant. However due to the guiders used in this work, 

this is not a proper example for precise force control. 

In [25] two different algorithms namely ñGradient Prediction Methodò and 

ñProgressive Stiffness Methodò were designed for grinding. Contour following quality 

was improved. In ñGradient Prediction Methodò gradient of the workpiece is estimated 

and force errors are corrected. ñProgressive Stiffness Methodò tries to keep the contact 

force force constant. 
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Additionally, in [26], which is also a publication of the author, justification of force 

control is given. 

2.2 Piezo actuators in machining 

In [27], an active tailstock was developed in order to correct the tilt errors of the 

rotating crankshaft during grinding. This tailstock produces a counter-tilt and it 

compensates the possible grinding errors caused by the rotation of the asymmetric 

crankshaft. The needed compensation is performed by piezo-hydraulic hybrid 

positioning actuator. The schematic construction of the precise alignment system is 

shown in Figure 8. 

In [28], an active controlled palletized work-piece holding system was presented for 

milling operations. The active control system developed here employs piezo-actuators 

to control the force dynamically Figure 9. 

 

 

Figure 8 - Schematic construction of the precise alignment system [27] 
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Figure 9 - Schematic design of the chuck-pallet system with active vibration control 

elements [28] 

 

2.3 Passive Compliant Tools 

In industry, as opposed to the method in this study, applications of passive compliance 

are also common. There are special deburring tools such as flex-deburr from [29] that 

are able to compensate the form errors passively by tracking the forms. Tracking is 

not performed by an active system. The tool tip can track the surface profile due to the 

suitable stiffness value of the used material. The mechanical design of active 

compensation on these tools is a hot-topic in literature [30][31]. 
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Figure 10 - ATIôs deburring tool family[32] 

 

 

Figure 11 - Axial Compliant tool head [30] 
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2.4 Hybrid Force / Velocity Control  

With the advance of control techniques, the researchers attached importance to 

machining of a work-piece with an unknown shape. In order to obtain constant depth 

of cut from a homogeneous material, the grinding parameters such as feedrate, spindle 

speed, should be invariant throughout the surface profile. These requirements can be 

achieved via hybrid force/velocity control [33]. 

In [34], the implementation of grinding of a work-piece with an unknown shape was 

performed. As the control algorithm hybrid force/velocity control structure was 

utilized. The authors dealt with the problems related to configuration dependent 

dynamics of the manipulator. 

 

 

Figure 12 - Robot in contact with a wooden object [34] 
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In [35], the effects of elastic transmission of the robots during contour tracking of a 

work-piece with an unknown shape are investigated. The large force oscillations due 

to the elasticities in joints are compensated by an additional normal velocity feedback 

loop. 

In [21], decoupling of normal force and tangential velocity control loops was studied. 

The controller was expressed as multi input ï multi output, time varying, PID 

controller. 

In [36], joint friction effects to normal force and tangential velocity variations in 

hybrid force / velocity controller were investigated. 

Additionally, [23] and [37] are the examples of contour tracking. 

2.5 Tool Deflection Compensation 

There are several researches in literature related to the compensation of tool deflection 

effect on work-piece. In this section a review of different strategies of these studies 

are expressed. Most of the mentioned studies are related to the end milling operation.  

Kline et al [38] proposed a method for prediction of tool and work-piece deflection 

amount in end milling operation based on cantilever beam theory. They used a force 

model and cantilever beam theory for obtaining deflection amount. Similarly, Ryu et 

al. [39] investigated side wall machining operation and tried to predict the errors 

caused by tool deflection. But, they did not express a solution for compensation of 

these errors. The effect of work-piece curvature on tool deflection and resulting 

surface errors are investigated in [40].  

A method based on path correction is proposed by Law et al. [41]. Their aim was to 

decrease tool deflection and its effect on work-piece using optimum tool path. 

Approaches for path correction in the end milling operation were presented in [42]ï

[45] by adding an offset to the tool path. They used cantilever beam theory in order to 
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calculate the amount of tool deflection. Rao et al. [46] proposed an iterative approach 

instead of single offset for compensation of offset error caused by tool deflection. 

However, they did not investigate tool angle compensation.  

A method for compensation of tool angle and tool displacement during end milling 

operation is proposed by Yang et al. [47] where a sensor is used for detecting tool 

deflection amount. The strong side of their research is that they considered both tool 

angle and tool tip displacement by compensation of errors. 
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CHAPTER 3 

 

EXPERIMENTAL SETUP  

 

3.1 Overview of the setup 

In the scope of this thesis, previously designed and partially built experimental setup 

was modified and used. The overall appearance of the experimental setup is shown in 

Figure 13. 

 

 

Figure 13 - Overall appearance of the experimental setup 
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In addition to 6-DoF parallel manipulator, the experimental setup has an additional 1 

degree of freedom which is actuated by a piezo actuator. The actuator is fixed to the 

properly constrained table, presents a single degree of freedom in the x direction as 

shown in Figure 14. While performing grinding in y direction as shown in the same 

figure, the machining errors can be reduced by admittance control based negative 

compensation by the actuation of the piezo actuator.  

 

 

Figure 14 - Coordinate System 

 

The robotic grinding setup components shown in Fig. 1 are: 

1) Hexapod (6 DoF): PI H-824 6 DoF hexapod precision parallel positioning system  

2) ATI Gamma IP60 Force / Torque Sensor  
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3) Spindle: BMR Typ. 222-42-MHM  

4) Workpiece  

5) Piezo Actuator: PI P-602 PiezoMove Flexure Actuator  

6) Table (which has 1 DoF in x direction) 

3.1.1 Piezo Actuator 

In this work a P-602 Piezo-Move flexure-guided piezo actuator is utilized to control 

the movements of the table precisely (Figure 15). A piezoelectric actuator converts an 

electrical signal into a precisely controlled physical displacement. If displacement is 

prevented, a useable force will develop. The precise motion control, afforded by piezo 

actuators, is used to finely adjust machining tools etc. They are used in applications 

requiring movement or force. 

In this thesis, a piezo actuator is used in order to move the machining table in one 

degree of freedom. Response characteristics of piezo actuator is better than the 

hexapod robot. That is the reason why piezo actuator was utilized. 

 

 

Figure 15 - P-602 Piezo-Move flexure-guided piezo actuator 
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The piezo actuator is controlled by its PI E-610.S0 LVPZT motion amplifier/controller 

which includes PI (Proportional and Integral) controller. The working range of the 

piezo actuator is 1 mm and its closed loop resolution is 7nm. In this system it is used 

in closed loop mode thanks to the Strain Gauge sensors installed on it. Electronic 

connections between the piezo actuator and the driver was performed and the 

connection scheme is shown in Figure 16. 

In order to facilitate the connection between the computer and the controller of the 

piezo actuator a printed circuit board was designed and produced. 

The control input for the piezo actuator in our setup is voltage (0 to 10 V) and the 

output is position (0 to 1 mm). While giving input, it is possible to take the actual 

position data of the piezo actuator by strain gauge sensors installed on it. A simple 

SIMULINK Model which was prepared for this purpose can be seen in Figure 18. 

 

 

Figure 16 - Connection scheme of the piezo actuator 
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Figure 17 - Designed printed circuit board 

 

 

Figure 18 - SIMULINK Schema for step inputs to Piezo Actuator 

 

In this figure, the step inputs up to 10 V are given to Piezo Actuator by using 

ñAnalog Outputò block of the data acquisition card Humusoft MF624. And the 
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responses are read by the ñAnalog Inputò block of the same data acquisition card. 

ñSensor Monitorò block shown in Figure 18 is used to show the responses of the 

piezo actuator against 3V, 6V and 9V (which correspond to 0.3, 0.6 and 0.9 mm 

inputs) are shown in Figure 19 in blue. The specifications of the piezo actuator are 

given in Appendix A. 

 

Figure 19 - 0.3, 0.6 and 0.9 mm step input responses of Piezo Actuator 

 

3.1.2 Hexapod (Parallel Manipulator)  

Hexapod is the main device which carries all the other parts of the robotic grinding 

experimental setup. It has 6 linear actuators connecting the platforms of the parallel 

manipulator. The parallel manipulator is shown in Figure 20 and the specifications are 

shown in Appendix A. A MATLAB SIMULINK model and a GUI was developed for 

controlling the hexapod robot. The used guide of the GUI is given in Appendix C. 
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Figure 20 - Hexapod H-824 from PI Company [48] 

 

3.1.3 Spindle 

BMR Companyôs Typ. 222-42-MHM Spindle ï Frequency Converter couple [49] was 

used (Figure 21). The datasheet of the spindle is provided in Appendix A. 

The frequency converter is connected to the workstation over its 15 pin D-SUB 

connectorôs RS232 pins and SIMULINK model for controlling the spindle was 

developed as shown in Figure 22. The MATLAB Code in the MATLAB function is 

given in Appendix B. 

 

Figure 21 - Frequency converter (left) and the spindle (right) from BMR Company 

[49] 
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Figure 22 - Developed SIMULINK Model for controlling the Spindle 

 

3.1.4 Multi Axis Force/Torque Sensor 

In grinding operations force/torque sensors are extensively used. These sensors are 

used to measure the amount of force applied on parts of the machine. Additionally, by 

measuring the force which is applied on the tool, they can be used to check whether 

the contact is performed between the tool and the work-piece or not. Also if the contact 

is performed, the force/torque sensors can be used to measure the level of the contact. 

On our robotic-grinding experimental setup, there is one force/torque sensor. This 

sensor is able to provide the data of the forces on 3 Cartesian basis axes and of the 

torques around the same axes. The transducer electronics have bandwidth of 5 kHz to 

10 kHz (depending on gain settings). The force torque sensor used in this work is 

shown in Figure 23. The specifications are shown in Table 6. 

National Instruments PCI-6052E data acquisition card is used for F/T sensor. 
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Figure 23 - ATI Gamma F/T sensor [29] 

 

3.1.5 The Control Software 

In order to control and drive hexapod, force/torque sensor, piezo actuator and spindle; 

MATLAB SIMULINK software was utilized. Used SUMULINK models are 

explained in the related sections. These four devices are connected to the workstation 

over the protocols summarized in Figure 24. 

In order to control the hexapod robot, a graphical user interface was prepared by 

MATLAB as shown in Figure 68. Step by step user manual of this GUI is given in 

Appendix C.  

3.2 Measurement Setup 

In order to understand the amount of material removed from the surface of the work-

piece and the form change, the ground amount should be measured before and after 

the experiment. That is why a measurement setup was built in the scope of this thesis 

as shown in Figure 25. The measurement system consists of a precise positioning 

system and a laser measurement device. In this system, laser measurement device is  
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Figure 24 - Devices and Connection Protocols 

 

located at the fixed part of the positioning system and the work-piece is passed by in 

front of it. In every 500 ‘ά intervals a measurement is taken. Therefore, surface form 

is obtained. 

A KEYENCE LK-H027 measurement device was utilized for the measurement system 

(Figure 26). These sensors are extensively used in the industry when precise 

measurement is needed. Its measurement range is 17-23 mm and the repeatability is 

0.02 ɛm. 
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Figure 25 - Appearance of the measurement setup 

 

 

Figure 26 - KEYENCE LK-H027 Laser Measurement Device [50]  










































































































































