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Abstract
Due to high competition on the market the industry aims at increasing the efficiency in their 
assembly production line. The production cycle time is determined by many factors such as 
operation time at each production step, the reliability of the tool and so forth. Many of the 
assembly applications are performed with hand held power tools which mean that a person, 
called operator, is holding the tool. Hence, physical stress is acting on the operator during 
tightening procedures and is therefore an important issue. As a result, development of better 
power tools is always needed.

The goal with this thesis work is to build a simulation model of a hand held assembly tool. 
The simulation is to be use for development and evaluation of the present computer controlled 
tightening strategies. The model includes control unit, tool, joint and operator. Based on the 
model the aim is also the exploit the possibilities to improve the tightening algorithms in an 
automatic control fashion. The control structure investigated is MPC, (Model Predictive 
Control).

The result is that the simulation model with good correlation describes the system and can 
therefore be used as an aid in the development of tool components and software. The 
proposed tightening control strategy, MPC, show excellent performance regarding operation 
tine and the reduction of operator energy input. The drawback is that the robustness of the 
controller is somewhat limited due to fast process time. Also the real-time implementation has 
to be further developed. 
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1 Table of Symbols

Joint Angle [rad] 
Current bandwidth [rad/s]
Motor angle [rad]
Tool body angle [rad]
Time constant [s]
Angular velocity [rad/s]

cj Joint friction [Nms/rad] 
cm Motor friction [Nms/rad] 
co Operator damping [Nms/m] 
ct Transmission damping [Nms/rad] 
Em DC-motor EMF [V]
Fo Operator force [N] 
Hc Control horizon [1]
Hp Prediction horizon [1]
i Current [A] 
Jag Angle gear inertia [kgm2]
Jcable cable inerta [kgm2]
Jj Joint inertia [kgm2]
Jm Rotor inertia [kgm2]
Jo Operator inertia [kgm2]
Jpg Planet gear inertia [kgm2]
Jt Tool inertia [kgm2]
ki Integral controller gain [A/rad] alt. [Vs/A] 
kj Joint stiffness [Nm/rad] 
km Motor torque constant [Nm/A] 
ko Operator stiffness [N/m] 
kp Proportional controller gain [As/rad] alt [V/A] 
kt Transmission stiffness [Nm/rad] 
kv Motor velocity constant [Vs/rad]
L Motor inductance [H]
mo Operator arm mass [kg]
N Total gear ratio [1] 
n Gear step ratio [1]
P Control signal punishing matrix  [1]
Q State punishing matrix [n x m] 
R Motor resistance [ohm] 
Tj Joint torque [Nm] 
Tm Motor torque [Nm] 
To Operator torque [Nm]
Tt Transmission torque [Nm]
TTO Total time of operation [s]
u Voltage [V] 
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2 Introduction
2.1 Background 

In the industries of today short production time is of great importance. Every time fraction 
gained in the production line will contribute to the minimization of the total production time 
and cost. Many industries have an assembly production line and are interested in buying 
assembly tools which can perform as many tightenings as possible in shortest time, that is, 
support high productivity. The productivity is limited by several factors such as mechanical 
and electrical properties of the tool, the joint application and the control strategy. Since many 
of the assembly applications are performed with a hand held tool which means that a person is 
holding the tool, an important issue for the manufacturer is how the person is affected by the 
tightening process, considering both cost and responsibility. During the process the person 
will absorb a large amount of the energy used by the tool and measured over a whole working 
day the operator is hence affected by physical stress which leads to discomfort. Therefore it is 
of great interest to reduce this stress and gain a better situation for the operator.  

2.2 Problem Definition and Objective 

The key to the problem of increasing the productivity and reducing the operator discomfort is 
knowledge of the system dynamics and exploit this in improving the computer controlled 
tightening algorithms. 

The aim with this thesis work is thus to construct a model of a hand held electrical nutrunner 
system. With this model one should be able to simulate the effect of different tightening 
strategies in typical applications. The objective is also to design an automatic control strategy 
for this nutrunner system. 

Figure 1. Typical tightening application 
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2.3 System Overview 

In Figure 1 a typical joint tightening application is shown. Here, the bolt, seat belt holder and 
the car frame is referred to as the joint. The tool type is a right-angled electrical hand held tool 
of type ETV-ST61-50 from Atlas Copco Tools AB. The tightening process is basically that 
the person holding the tool, also referred to as the operator, initiates a computer controlled 
tightening sequence by pressing a trigger on the tool handle. The sequence is specific to the 
actual joint application and consists in the simplest case of one step where the aim is to reach 
a target torque value. When the sequence is finished, i.e. target torque is reached, the tool 
stops and the operator carries on to the next joint. This specific tool is used for joints in the 
torque range of 10 to 55 Nm. A cable connects the tool to a control unit which is the power 
supply and controller.

The operator is the person who is holding the tool and who performs the tightening. 
Traditionally, before the invention of the power tools, the worker would use a wrench to 
tighten the joint. At that time, the operator was in full control of the process, using the muscle 
strength to drive the bolt to a desired torque. With an electrical hand tool the operator still 
have to use the muscle strength to resist the torque but does not have full controls of the 
process. Since the operator is not infinitely stiff, the reaction torque from the tool during the 
torque build up will cause a horizontal movement of the upper limb away from the operator. It 
is a surprising event for the operator and hence not good due to discomfort. 

2.4 Previous Work 

Several studies have been done in the area of hand tools for operator. The literature on area is 
wide and it has been shown that is difficult to fully determine the effects since long term 
issues are hard to measure. Models have been constructed from identification experiments 
describing the dynamics of an operator in a tightening application [1], [2]. Some papers 
written deals with muscles activities and measurements of the reaction force acting on the 
operator [3]. However, not very much has been done in the field of automatic control for hand 
held tools to find ways to improve the work situation for the operator.  
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3 System Description 

Figure 2. ETV ST Nutrunner system

The nutrunner system as a product consists of a control unit, cable and a tool. In this paper the 
term system is extended to also include the joint and operator. The reason for this is that from 
a modeling and control perspective all subsystems of interest must be taken in count for, 
which also will add more knowledge to the system improving performance. Figure 3 shows 
the top layer system design. 

Tool
- Motor 
- Transmission 
- Transducers 

Control Unit 
- Tightening Controller  
- Motor Controller 

Joint

Operator

Figure 3. Top layer system design 
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3.1 Control Unit 

The control unit is the power supply to the tool and is also referred to as the driver. The driver 
is the box in Figure 2 and is connected to the tool by the cable. The objective of the driver is 
to control the tightening process and deliver sufficient power so that the tightening is 
performed at desired manner.  

3.1.1 Tightening controller 

The tightening controller controls the tightening process. By monitoring system 
measurements the controller sets references for the speed or current so that the end result of 
the tightening is the desired one, i.e. a target torque or a target angle is reached. The present 
controller of today does not control the torque in an automatic control fashion. It runs at speed 
references and compares the reference torque value to the actual torque value and brakes the 
motor speed to zero if the actual value exceeds the reference. 

The controller acts also as a supervisor from which traces of torque, angle and current can be 
obtained. Working as an interface between the human and the system, the operator can 
communicate with the tool and make possible changes, see statistics of the tightening, get 
error messages, and so forth.  

3.1.2 Motor Controller 

The motor controller is a servo controller with respect to motor speed and current. This is two 
PI-controllers in cascade. From the tightening controller the reference value of the speed or 
current is obtained and used as input to the servo system, according to Figure 4. In general the 
voltage sets the speed and the current the torque. 

In order to achieve good performance the driver outputs currents in the range of 80 A to -80 
A. This is required to be able to get precision in motion since high torque levels is needed to 
brake the moment of inertia within the system. Due to the limitations of voltage and current 
anti wind-up compensators are implemented in the PI-control structure. 

Figure 4. PI-control structure
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Figure 5. ETV ST61-50

3.2 Tool 

The tool considered in this thesis is an electrical hand tool of type ETV-ST61-50. The 
geometrical configure of this tool is right-angled, meaning that the rotation of the bolt is in 
right angle to the tool body, see Figure 5. The three main parts within the tool is the motor, 
transmission and the transducers. 

3.2.1 Motor  

The motor is a permanent-magnet synchronous motor. This is a three-phase AC motor driven 
by the associated motor drive. The magnetic field in the motor arises from the rotor which is 
permanent magnetized. The present maximum speed for the motor is about 35.000 RPM and 
can produce a output torque of 1 Nm. 

3.2.2 Transmission 

To be able to tighten joints to high torque levels the tool has a transmission. In total there are 
three gear steps starting with two planet gears connecting to the motor shaft and finishing 
with one angle gear at the output shaft, transforming the shaft rotation 90 degrees with respect 
to the motor shaft. The output shaft is also referred to as the spindle. All together this gives  a 
total gear ratio of 55. This means that the maximum torque of 1 Nm produced by the motor 
yields a maximum torque at the spindle of 55 Nm. The same relation is also valid for the 
angle, scaling the motor shaft angle down by a factor 55 to the spindle. The tool speed is 
referred to as the speed of the spindle which then has a maximum of 655 RPM. 

3.2.3 Transducer and sensors 

For control and monitoring, signal is obtained from the system. The current is measured 
directly in the control unit. To acquire measurements of the torque and angle of the motor, 
sensors are used in the tool. The angle sensor is used to keep track of the motor angle during 
tightening and to feedback the speed of the tool. The resolution is about 8000 measuring 
points per revolution, yielding an accuracy of 0.05 degrees. The torque transducer is located 
between the motor and the transmission. In addition, an accelerometer on the tool handle will 
be used in future tools why it is assumed that the acceleration also is measured in this design. 
The bandwidth of the transducer and the sensors are 4 kHz. 
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3.3 Joint  

Since the tool is a nutrunner, threaded fasteners is considered as joints, meaning that it typical 
consists of a bolt or nut used for holding two parts together, see Figure 6.

Figure 6. Joint dynamics

The torque applied to a joint is mainly absorbed by three parts, friction in the thread, friction 
between the head of the bolt and the bearing surface and the clamping force. Only about 10% 
of the applied torque represents the clamping force holding the joint together. It has been 
shown by joint analysis that torque as a function of angle is approximately a linear relation 
and is valid for most ordinary joints, see Figure 6. This is because the elongation of the bolt 
follows Hooke’s law. Obviously it can not be stretched too far. At some point the elastic 
behavior will change to a plastic behavior, meaning that the bolt is permanently damaged and 
deformed and will not be able to regain its original shape. This is dependent of the material 
properties and dimension of the bolt. 

The tightening of a joint can be divided into different steps. The first section is the run-down 
where the only torque contribution is the friction in the thread, which is rather small. The 
second section is active in the point where the head of the bolt has aligned the bearing surface, 
also called snug. Here after the torque will grow linearly, i.e. the elastic region. At some point 
the bolt will enter its plastic region. This is called the yield point and thereafter the bolt is in 
the yield zone. 

3.4 Operator 
The operator holds and supports the tool with both arms due to the weight and size. But since 
the arm supporting the tool at the spindle has very little effect on the movement due to no 
leaver length at that point, the other arm will be used to resist all force from the tool. 

During a tightening the torque build-up in the tool will overcome the operator by moving the 
upper limb in a counter-clockwise motion oppose to the muscle contraction. Since the 
rundown time is unknown the torque build-up is a surprising event for the operator. This 
results in the uses of muscle tension to get prepared for the torque reaction. The operator acts 
in this way as a consequence of two things. One is that he ”knows” the stiffness of the joint by 
previous tightening of the same sort of joint and has learned how much force he will need to 
resist the reaction force. The other is that he does not trust the tightening process resulting in 
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muscle tension for protection. The outcome of both of these actions is an eccentric muscle 
contraction, which means that the muscle is stretched in a direction opposite the muscle 
tension. This is considered to increase risk of muscle damage and injury in long term work 
situations. From the operator point of view it is of great interests to minimize these effects and 
the total energy input by the operator to the system. Results from previous studies also 
indicate that a movement of the arm more than 3 cm is not accepted by the operators [2]. To 
summarize, the operator benefits from a working situation were no need for muscle tension is 
necessary and were minimum power have to be used. The aim is thus to exploit the laws of 
physics to achieve this. 

3.5 Tightening Process and Control Strategies 

Figure 7. Tightening process definitions 

The tightening process is divided into the sections according to Figure 7. The productivity is 
in this figure also called duty cycle. The present control strategy of today is based on dividing 
the process in different steps in which the tool speed is different, see Figure 8. 

A one stage tightening procedure is as follows: 

Soft start step 1 – for the threads to align, a low tool speed is used during the start. 
Speed ramp step 1 – the speed is ramped up to reference speed. 
Speed step 1 – during rundown and tightening the reference speed is followed. 
Shutoff step 1 – when the target torque is reached the speed is set to zero. 
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A two stage tightening procedure is as follows: 

The procedure is the same as in the one stage case, but target torque is exchanged to a 
first target which is a fraction of target torque, e.g. 80 %. 
Speed ramp 2 – the speed is ramped up to a reference speed a second time, where the 
speed is lower than the speed in step 1. 
Speed step 2 -  the speed reference is followed to target torque 
Shut-off step 2 – the speed is set to zero. 

Figure 8. Two stage tightening procedure 

The reason for the use of a two stage strategy is that the accuracy is increased when running 
the tool at a lower speed level when reaching target torque. Another reason is that the bolt will 
settle in the joint when tightened, meaning that the surface of the material structure is 
collapsed under the head of the bolt resulting in a lower preload. Therefore the short pause is 
used between the first and second step in the two stage tightening process, allowing the 
settling of the joint and then tighten it further to target torque. 

Different shut-off steps are also used. A zoom step can be used meaning that the speed is 
ramped down to zero in the end. A soft stop can be used for operator comfort benefits where 
the tool speed is first set to zero followed by a current ramp. During the current ramp the 
current is decreased to zero from the maximum current used at target torque. The reason for 
this is that the negative acceleration of the tool handle is limited which is experienced as more 
favorable due to less jerking in the handle. 
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4 Modeling 
In this section a two-degree-of-freedom mathematical model of the system described in the 
previous section is constructed. The theory behind the different parts is discussed and a final 
model of the system will be presented in the last subsection. The orientation definitions and 
figure of the components to be modeled is shown in Figure 9 and Figure 10.

Figure 9. Angle definitions

Figure 10. Schematic view of the tool model  
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4.1 Control Unit 

In this thesis the focus of the modeling is of the total system and hence detailed description of 
the drive is not required. As discussed in the System Description section the motor controller 
can be seen as a servo controller. Therefore the two PI control-loops witch controls the speed 
and current in the motor is modeled as the motor controller. Feedback signals from the tool 
measuring the current and speed is used to form a control signal u(t) by applying  the 
following control law:

dtteKteKtu IP )()()( (1)

where

KP is the proportional gain for the speed or current 
KI is the integration gain for the speed or current  

The error signal e(t ) is the difference between the reference value and the actual value of the 
speed or current obtained from the tool. 

To avoid problems due to saturation, anti wind-up compensation is implemented in the 
controllers.  

4.2 Tool 

For the motor a simplified model of the 3-phase motor is constructed, meaning that a one-
phase DC-motor model is considered. Since this work focuses on the total system there is no 
need for a detailed motor model. The voltage and the current are the interesting parameters 
and hence this model will capture the important issues. The dynamics is then modeled with 
one electrical and one mechanical part.  

4.2.1 Electrical 

Jm

R     L
i

Emu

Figure 11. DC-motor model 
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According to Kirchhoff’s second laws the sum of all potential differences around a electrical 
circuit is zero. Considering the circuit in Figure 11 the following potential sources and sinks is 
present:

Ri - Resistive loss the loss in the stator windings. 

dt
diL  -  Inductive load in the stator windings. 

vm kE - Induced voltage caused by the back-EMF (electromotive force). 

R and L is the resistance and the inductance measured between two phases in the 3-phase 
motor. kv is speed constant of the motor and Jm is the inertia of the rotor. Taking into account 
the terms listed above the differential equation describing the current in the circuit is

vkRiu
dt
diL (2)

4.2.2 Mechanical 

The mechanical part of the motor is described by a torque balance equation for the motion of 
the rotor. 

inertia m friction loadT T T T

The driving torque from the motor Tm is caused by the current and has the proportional 
relation 

ikT mm  (3)

The torque constant mk  is motor specific and relates from the magnetic flux within the motor. 
The other torque contributions are caused by the inertia of the rotating parts, the friction 
within the bearings and external load. The friction is assumed to be viscous since the motor 
operates at high speeds. 

inertia mT J

mfriction cT  (4)

The resulting torque balance equation is then, 

loadmmm TcikJ (5)
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4.3 Transmission 

3pgJ

1pgJ

2pgJ

1agJ

2agJ

1n
2n

3n

s

Figure 12. Angle and planet gears

The transmission modeled here consists of the gear ratio, inertia, stiffness and damping. 
Referring to Figure 10 the transmission is considered to include the two gear boxes and the 
shaft connecting them. To simplify the model the transmission is considered as one gear step 
with a total gear ratio of N. As a result, the resulting gear box in Figure 12 is referred to the 
first gear box in Figure 10 (seen from the motor). The second gear (angle gear) in Figure 10 is 
considered to have a gear ratio of one. The angular velocity on the input shaft, the motor 
shaft, is and the angular velocity on the output shaft, the spindle, is s. The relation 
between the angular velocities is then 

Ns
1  (6) 

The inertia of the transmission must also be considered. To keep the order of the model as low 
as possible the inertia of the transmission is added to the inertia of the motor which will result 
in a total equivalent inertia Jm. To do this, the inertia of the rotating parts needs to be 
transformed to an equivalent representation through the gear. That is, each inertia contribution 
from the different gear steps in the transmission is referred to the motor shaft. Consider index 
“in” and index “out” as the torque (T) and angular velocity ( ) of the input shafts and output 
shaft of a gear, respectively. The transformation will then be as follows. 

outin
out

out
inoutinout

outin

outin

ininin

J
n

J
T

n
JnJT

n

n

T
n

T

JT

22
1111

This means that the inertia of the gear represented on the output shaft is scaled with 2
1

n
 when 

represented on the input shaft. Since the total gear ratio is divided in three steps, the inertia of 
each separate gear will be scaled differently, depending on how large the gear ratio is between 
the actual gear and the point where the inertia is to be referred to. Jpg is the inertia of the 
planet gears and Jag is the inertia of the angle gear and is the ratio of each gear step, see 
Figure 12.
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pgmtot  (7)

Since the transmission is not completely stiff, the torsion and damping is modeled. The 
torsion can be seen as a spring which will store the energy corresponding to the total twist of 
the shaft, i.e. the angle difference between the two ends of the shaft. The angle at the shaft 
input is then s  and the angle at the shaft output side is the sum of joint angle  and tool 
handle angle , see Figure 10.

)( sttorsion kT  (8) 

The damping is proportional to the difference in velocity between the input shaft and the 
output shaft. Similarly to the torsion the damping is 

)( stdamping cT  (9)

The total torque contribution from the transmission is then 

dampingtorsont TTT  (10)

The transmission is to be considered as the combination of gear wheels and shaft, and as a 
result, the load acting on the motor is 

tload T
N

T 1
 (11) 

Since the transmission is the mode where all subsystems connect, this is where the 
measurement of the torque is obtained, and hence ttool TT .

4.4 Joint 

To tighten a joint a torque must be applied. In this case the torque arises from the tool and 
operator which is built up in the transmission. The model for the joint is regarded as a 
mechanical body and the torque balance equation is as follows.

jtinertia TTT

Considering the friction in the threads as viscous and the stiffness of the joint as linear the 
torque contribution from the joint is 

jjj kcT  (12)

where

cj is the friction coefficient of the threads
kj  is the stiffness of the joint
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This results in a differential equation for the joint angle .

jjtj kcTJ  (13) 

where Jj the inertia of the bolt and socket. 

However, a joint is non-linear since the stiffness only is active after the run-down, i.e. a dead-
zone for  is to be considered for the stiffness in the model. Moreover, the torque from the 
joint acting on the tool will always counter act its rotation, i.e. described as  

)(int signkT jjo  (14)

Though, since the input to the joint model is considered as the torque and the output the 
angle , the non-linear dynamic is reformulated in the following sets of differential equations 
for .

snuggjtj cTJ ,

snuggjjtj kcTJ ,  (15) 

and the update equation for is

int, jotjjtj TTkcTJ

int,0 jot TT  (16) 

The last equation means that is constant if the applied torque is less than the torque within 
the joint, which is natural since the energy required to turn the bolt further must be larger than 
the energy stored within the joint. 

Since taking into account only for tightening processes and not loosening processes the model 
holds if the Tt > - aTjoint, where a  [0,1] representing a percentage of the joint torque ( 
typical 0.75). This since the torque required to loosen a joint is less than the torque required to 
tighten the joint further.  

In this model no after yield effects are to be considered, which means that the working area of 
the joint is purely elastic, i.e. in the linear region.  

4.5 Operator 

Since the dynamics of the tightening processes considered in this work is much shorter than 
the human reaction time, the operator lacks the controlling ability. For that reason a model 
structure consisting of a mass-spring system is a good choice. This is supported by studies of 
operator responses in power hand tools applications which have shown that a single-degree-
of-freedom dynamic model satisfactory describes the human operator dynamics [1] [2]. These 
results are based on experiments where the upper limb is considered as the operator system. 
This model consists of mass, spring and damping as physical elements representing a standing 
operator supporting the tool with the hand. The low complexity of the model in these studies 
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has also intentionally been stated for practical reasons. The elements were identified by 
measuring the frequency and amplitude of a defined freely oscillating mechanical system 
where the operators, by a handle affecting the system, were instructed to use maximal effort 
to oppose its motion. The ideas from these studies are used here. 

The operator model does not only include the operator upper limb, but also the body of the 
tool since it is the connection between the operator and the joint. The tool body can be 
represented as a leaver with length ol where the operator acts on the reaction force created by 
the motor and joint.  

Consider the orientation and torque contributions in Figure 13. The spindle which is applied 
to the joint in (o) will cause the tool to move around the z-axis.  

Figure 13. Tool handle orientation and definitions, top view

The operator arm model considered is shown in Figure 14. The reaction force Freact will be 
absorbed in the arm model creating a counter acting force Foperator.

The torque balance equation describing the motion of the tool body is 

(17)ot TTJ
where operatoroo FlT

ykycymF ooooperator

o

oo

ly

lly angles) (small     )sin( 

Figure 14. Operator model 
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By substituting y with ol the torque balance equation and differential equation for the arm 
and tool body response is

oooottcableoperatortool klclTJJJJ 22)(  (18)

where

Jt is the inertia of the tool, cable and equivalent operator arm inertia, including mo.
co is the damping coefficient of operator arm.
ko  is the stiffness of the operator arm.

In the experiments in [1] the operator triggered the system identification experiment by 
pressing the trigger on the tool. This means that the operator was more or less in control of the 
experiment and therefore prepared for the coming torque build-up. In a real application, the 
torque build-up occurs after the initial run down phase. The run down time is dependent of the 
tool speed and length of bolt and is unknown to the operator. As a result, the model proposed 
by can not be implemented as is.  

An extension to this model is to divide the operator dynamics in two modes representing the 
extremes of the operator dynamics. That is the situations were the operator does not tense his 
muscles and when he does. Therefore, the model consists of two modes with different 
dynamics and switch from the initial mode, describing the slack arm, to a second mode, 
describing the stiff arm. The switch condition is the reaction time of the operator which is 
about 120 ms shown from experiments and also is common knowledge. 

Figure 15. Pretension operator model 

4.5.1 Operator energy 

The discussion of pre-force leads to the conclusion that a pre-tension operator model 
representing this behavior must be created to model the static energy input from the operator.  
The model for the static arm tension is regarded as the energy stored in a spring. The energy 
storage is equivalent with the work done to stretch the spring. 

ydykdyFE sss  (19)
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The energy model consists then of a mass, damper and a spring which is initially stretched 
with a force Fo according to Figure 14. To determine the relevant maximum value for the pre-
force, a comparison in tool body response with a stiff operator experiment is to be carried out. 
In other words, find the pre-force value which gives the same maximum in  as in the stiff 
operator model. The total energy input of one tightening cycle is then the integrated energy 
during this time span.  

4.6 Transducers 

The transducer and sensors feeding back measurements from the system is modeled with a 
time delay and sampled in the controller with a sampling frequency of 4 kHz. The nominal 
time delay is considered to be 1 ms. White noise is also considered to influence the signals. 

4.7 Final model 

To summarize the modeling section a final model is stated here. For the model to accurately 
enough describe the system with as low complexity as possible some analysis of the 
subsystems is carried out.  

To begin with, analysis of the time constants of the electrical and mechanical parts of the 
servo system is carried out. The electrical time constant is determined as 

R
L

el  (20)

and the mechanical time constant is 

m

m
mech c

J
 (21) 

Since mechel , it is for practical reasons, keeping the model order as low as possible, wise 
to approximate the electrical part and its corresponding current controller in the drive with a 
first order dynamic. The bandwidth of the transfer function is beta. 

currentG
s  (22) 

One could argue that there are other dynamics in the model which also could be neglected due 
to its fast dynamics, like the modeling of the transmission. Though, for modeling reasons and 
to get as close to the real system as possible it is decided to use the other models as they are 
stated above. The final differential equations describing the system without non-linearities are 
as follows. 
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As a result of the non-linearities the model for the total system is considered as a hybrid 
system with three modes containing different dynamics. Thus, the equations in the different 
modes are linear. In Figure 16 the schematic view of the hybrid system is shown with switch 
conditions and initializations. 
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In Figure 16 the reset of the states  and  when switching between the rundown mode and 
tightening mode is required to get the correct dynamic properties of the joint torque build up 
since the torque is proportional to the angle. The variable  is required for the initialization 
of the shutoff mode since otherwise a wind-up error in the transmission would occur.  

The state-space representations in each mode represent the active dynamics. In the Rundown 
and Tightening mode all differential update equations are active, though for the Rundown 
mode the stiffness of the joint is not active. In the Shutoff / Hold mode the active differential 
update equations are for i,  and Consequently, the Rundown and Shutoff / Hold modes 
each contain 5 states. The tightening mode contains all 7 states. The full state-space 
representation of the Tightening mode is shown in Appendix. 
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5 System Identification 
Most of the physical constants in the model is known within Atlas Copco Tool AB and is 
used directly in the model. Constants that are more uncertain must be identified. 

Total friction coefficient in the motor and transmission  
Torsion and damping coefficient of the transmission 
Total moment of inertia of the tool, cable, and operator arm 
Stiffness and damping of the operator in different operating modes 

5.1 Friction  

The friction in the motor and transmission is identified by measuring the torque at different 
motor velocities while no external load is present. The torque signal is too noisy and can not 
be used in this experiment. However, by measuring the current required to run the motor at 
different velocities the torque can be calculated since T = kmi. Considering the friction as 
viscous the result is expected to show an increased torque level at higher velocities. 

5.1.1 Test equipment 
The equipment used in this experiment is

ST61-50 tool 
Driver modified for the software platform PX2  
PXTV communication software with demo tightening program 
ACTA 3000 to verify measurement from PXTV (quality assurance equipment) 

5.1.2 Result 

The result of the friction experiment shows that the friction grows linearly with the speed, 
neglecting the non-linear coulomb friction at small velocities, see Figure 17. The low 
magnitude implies that the friction does not have very large impact in the servo system, 
especially at high velocities. When running the tool in a joint application the friction in the 
joint thread will be significantly larger than the friction in the motor. However, since effort 
already has been made to determine the friction it is included in the model. 

Considering only viscous friction the result is radsNmcm /105 5
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Figure 17. Friction Troque in the motor and transmission

5.2 Torsion and Damping 

Numerical value of the torsion in the transmission, also called wind-up, was not available 
within Atlas Copco Tool AB and nor was the damping. Therefore identification of these 
coefficients is necessary. This is done by fixating the tool in a test bench where the spindle is 
attached to a socket which is welled in the bench armature, see Figure 18. By running a 
tightening program where a target torque is set, the motor will apply a torque to the 
transmission causing it to twist. Since the spindle will not move the wind-up is then equal to 
the movement of the rotor in the motor. The torsion coefficient is then calculated as target 
torque divided by the total angle turn of the motor. The values of the parameters are obtained 
from 5 sets of measurements from two different tools. 

Figure 18. Torsion test bench
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5.2.1 Test equipment 
The equipment used in this experiment is,

ST61-50 tool 
- Serial no: A575006 and B739080. These specific tools have an older version of the 

angle gear which has not helical configuration. Though, since most of the wind-up 
occurs in the planetary gears, no significant difference is to be expected when 
using a later version of angle gear.

PF3000 Driver 
- This driver is used due to a more “easy-to-use” software (ToolsTalk) and for 

practical reasons.  
ToolsTalk
- Communication and analysis software compatible with PF 3000.  

5.2.2 Result 

The trace of the torque and angle is extracted from ToolsTalk, see Figure 19. Due to backlash 
in the transmission calculation of the torsion coefficient is based on measurements from the 
“linear” section, that is, from t = 150 ms to t = 600 ms. The mean of the 5 measurement data 
sets for each tool is then used for the torsion coefficient calculation. 

TNkt

Tool Mean wind-up Mean T
A575006 3.2 deg  (0.056 rad ) 41.3 Nm 
B739080 2.9 deg  ( 0.051 rad ) 38.4 Nm 
Resulting average 3.1 deg  ( 0.054 rad ) 39.9 Nm 

The result is radNmkt /739
054.0

9.39

The damping in the transmission is determined by fitting the simulation result to the 
measurement data by adding backlash to the system. Adjustment of the damping coefficient is 
then performed so that the damping in the shutoff region matches the measured response, see 
Figure 19 and Figure 20.

The reason for the high negative peak in the simulated torque and not in the measured torque 
is probably due to the control during the shutoff. During the experiment the PF3000 can 
possibly have been configured to use soft stop which means that the current is ramped down 
to zero after braking down motor speed. In the simulation the control is configured to only 
brake the speed to zero. However, the damping is probably not too far from the right value 
since the transient of which the torque decreases is the same as in the real system. The result 
is also supported by the validation measurements.  

The result is radsNmct /3
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Figure 19. Torsion measurement

Figure 20. Torsion simulation 
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5.3 Operator 

According to [1], the dynamic parameters of an operator arm can be represented by the 
following parameters: 

Mass  – 2.5 Kg 
Stiffness –  2550 N/m 
Damping – 50 Ns/m 

Though, as discussed in the System Description section this is only valid for a stiff operator 
arm. Therefore, identification of the parameters for a slack operator arm must be performed. 
Therefore, two experiments are conducted identifying the slack and stiff operator arm system. 
The model is assumed to be the same for both cases. Due to the limited time of this work, the 
identification is only performed using the writer him self as subject for the system 
identification. For a more thorough investigation of the operator response a larger group of 
people should be used for these experiments.  

The dynamic motion of the tool will also depend on the moment of inertia of the tool and 
cable connecting the tool and drive. Since the inertia of the tool is known and the operator 
mass can be measured, an experiment identifying the moment of inertia of the cable must be 
carried out before identification of the operator stiffness and damping can be made. 

5.3.1 Test equipment 

The equipment used in both experiments is,

ST61-50 tool 
- serial no: B575013 

The tool is custom built with an accelerometer placed on the tool handle.  
Bruell data acquisition hardware and software for acceleration measurements. 
Driver suited for the demo version of the software platform PX2
PXTV communication software to setup the demo tightening program 
ACTA to verify measurement from PXTV (quality assurance equipment) 

5.3.2 Cable inertia 

The identification of the cable inertia described here is somewhat naïve and does not describe 
the true inertia of the cable. Though, since it is impossible to cover all operating cases this 
identification is considered to be sufficient for application. To be able to identify the cable 
inertia a spring with known stiffness is used instead of an operator. The spring is attached to a 
fixed armature and to the tool handle at the same position as the operator would hold the tool. 
That is, the movement in horizontal plane is limited by the spring. The tool is also supported 
in the vertical plane by attaching a rope from the handle position to an armature above. At the 
spindle side the tool is attached to the joint. The tightening program configured to be triggered 
from the software. As a result the tool is arranged to run a tightening program without human 
influence.
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To determine the sought parameter Jcable the following guide lines can be followed and since 
the response depends on all parameters some tuning is necessary.  

The acceleration of the tool will be dependent of the moment of inertia of the system.
The damping factor will be dependent on the speed 
The position of the system will be dependent of the stiffness factor. 

5.3.3 Cable inertia Result 

Measurement of the tool handle acceleration is obtained from the real system and simulation 
with the same stiffness of the spring in the model is compared to these measurements. The 
result is shown in Figure 21. The resulting inertia is 207.0 kgmJcable

Figure 21. Tool handle response with spring 

Due to the fact that only one spring is used on one side of the tool in the experiment, only the 
first half period of the response oscillation can be used for the identification, i.e. for 
positive . For negative values of  the dynamics will be non-linear and not described by the 
spring-inertia system since the motion of the spring will not be purely in its elongation 
direction, due to bending of the spring. Moreover, the cable in it self will also be a system of 
damping and stiffness and will hence affect the motion. Therefore only the first half of the 
response oscillation is used for the identification. 
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5.3.4 Operator 

To get good experiment data in the operator experiment is it important for the operator to 
behave in the same way in all test sets. In the slack operator experiment the instructions was 
to be as relaxed as possible throughout the tightening process. In the stiff operator experiment 
the instruction was to be as stiff as possible. The execution of the tightening program was 
done by pulling the trigger on the tool as in a real tightening application. The tightening 
program setup was configured to run a one step tightening sequence with spindle speed 300 
rpm to a target torque of 25 Nm. Since there is always a minimum effort that must be put in to 
the system, due to the supporting of the tool, the stiffness for the slack operator must be larger 
than zero. 

5.3.5 Operator Result 

The accuracy of the tool-operator dynamics after maximum position is somewhat different in 
the slack and stiff operator response which most likely is a result of the different motions after 
the shutoff. Moreover, the real operator is not expected to continue to put in effort after the 
tightening sequence is over. Consequently, the position of the tool and operator arm should 
ideally not converge to zero. 

Worth noticing is that the mass of the operator might differ between the stiff and slack cases 
due to the fact that the whole body mass is used when the operator is stiff. How much this 
affects can not be investigated with this model. To gain more insight of this, a more complex 
model of the operator must be considered. The measurement and simulation output data is 
presented in Figure 22 and Figure 23.
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Figure 22. Slack operator response 

Figure 23. Stiff operator response 
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5.4 Identification Results 

Below follows the values of the physical constants identified above. 

Parameter Notation Value
Friction cm radNms /105 5

Cable inertia Jcable 207.0 kgm

Operator Inertia Joperator 2032.0 kgm

Torsion in transmission kt radNm /739

Damping in transmission ct radNms /3

Slack operator damping co mNs /25

Slack operator stiffness  ko mN /140

Stiff operator damping co mNs /25

Stiff operator stiffness ko mN /1900

Table 1. Parameter values 

33



6 System Validation 
The system validation is carried out in order to ensure that the model reflect the real system. 

6.1 Servo validation 

The servo is validated by running a speed reference step in the real system and in the 
simulation. The joint and operator is disconnected from the system during the validation 
meaning that no external load is acting on the servo system. The result is shown in Figure 24.

Figure 24. Servo measurement and simulation

The simulated motor speed follows with good correlation the real system behavior. The 
reason for the differences in the ending and the overall bad performance is due to poorly 
tuned controller in the real system. However, the validation is still correct since the same 
motor control parameters are used in the simulation. 

6.2 Tightening validation 

The tightening validation is done by running a tightening process in the simulation and real 
system with the same joint characteristics. The operator is disconnected from the system 
during the validation. The joint stiffness in the validation is 11 Nm/rad.  
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Figure 25. Tightening measurements and simulation

6.3 Operator validation 

For the validation of the operator the intention was to use a spring with known stiffness and 
compare the tool handle response in the model with the real system. However, since this 
experiment was used to determine the inertia of the cable one can argue that a validation with 
the same experiment is meaningless. Since the system is very simple, consisting only of a 
spring and mass, the parameter identification experiment is determined to be sufficient and 
also hold as validation.
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7 Control Design 
7.1 Overall Design Objective 

As one of the goals with the control design is to increase productivity the ambition is to have 
as high tool speed as possible throughout the tightening process which then will minimize 
TTO. During the rundown phase there are no difficulties to run at high tool speed. The 
problem is when reaching snug level and torque build-up. Considering running the tightening 
process at a tool speed of 1000 rpm and where the joint stiffness is 60 Nm / rad. If the desired 
target torque 30 Nm is to be reached without overshoot, the tool has to be able to brake to 
zero speed in 30 deg from snug level, which will be in the time frame of 10 ms. Due to the 
high acceleration of the tool-arm system most of the torque is absorbed by the moment of 
inertia. If the control design can achieve this it will be beneficial for operator comfort since no 
perforce is necessary. However, kinetic energy in the tool-arm system has been gained from 
the joint and motor torque during the process. As a result, the velocity of the tool handle has 
to be reduced to zero and stabilized. According to the discussions earlier this procedure has to 
be done within the reaction time and within a maximum operator arm displacement of 3 cm. 
This control objective will therefore minimize the operator input effort combined with high 
productivity.

The controller scheme proposed here to solve this problem is a model based controller. 
Constraints within the system, such as the current in the motor and accelerations (torque 
levels) within the system and tool handle position, have to be considered. This process will be 
very fast and due to these constraints and limitations put on the system, one control strategy is 
more prominent than others, and that is Model Predictive Control (MPC) 

7.2 Model Predictive Control 

Model predictive control is a model-based controller which means that the control algorithm 
relies on a model of the system. It is a complex mathematical algorithm that involves 
estimation and an optimization problem. Based on a cost function the optimization is solved 
subject to system constraints and performance objectives. The fundamental principle is that at 
each sampling instance, starting at the current state, an open-loop optimization problem is 
solved for a finite number of future sample instants, called prediction horizon (Hp). That is, 
based on current measurements/estimates of the system the controller predicts the future 
dynamic behavior of the system and determines the control signal such that the given 
constraints and performance objective is minimized. At the next sampling instant, the 
calculated optimal control signal is applied.  

Under the assumption that the model is correct, no disturbances act on the system and the 
prediction horizon is infinite it would be possible to apply the resulting control signal 
sequence and converge to the given reference. Though, since in real life several uncertainties 
and errors are involved, feedback is required in order to be able to suppress deviations and 
disturbances. This is achieved by applying only the first control value in the optimal control 
sequence to the plant in the next sampling instant. The prediction and optimization is then 
performed over again for this sampling instant given new measurements/estimates of the 
system state. 
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To summarize, the procedure involves the following steps: 

1. Obtain measurements or/and estimates of the current state of the system. 

2. Calculate admissible optimal control signal by minimizing a desired cost function 
over the prediction horizon using the model and obtained measurements/estimates for 
prediction.

3. Apply the obtained optimal control signal. 

4. Return to 1 and continue. 

7.3 Mathematical formulation 

Consider controlling the following system to a reference r, where x(t) is the system state, u(t)
is the control signal and y(t) is the system output. 
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,while at all time instants fulfilling the constraints 
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Assume that all states are measurable at the current time instant. Then, the following 
optimization problem is solved at each time instant k.
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,where Hp is the prediction horizon, Hc is the control horizon, P is the punishing matrix for the 
control signal, Q is the punishing matrix for the state vector. The control and prediction 
horizon determines the performance and robustness which generally is better with longer 
horizons. However, the cost is increased computation time.
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The punishing matrices are used to weight the different states or output such that the error 
between the actual state/output and the reference is suppressed more or less depending on the 
weight. States or outputs with a large weighting factor will be forced to its reference while 
states or outputs with a small weighting factor will not converge to its reference. As a result 
the weighting matrices are used to fulfill different controller objectives.  

7.4 Observer  

Not all states in the system are measurable and therefore an observer has to be used to 
estimate the unmeasureable states. The joint angle and its derivative are not measurable which 
means that if no sensor is used  and  have to be estimated. The position  and its 
derivative are also to be estimated. Commonly in control systems the state estimation is 
performed using Kalman theory and so also in this design. The observer is hence a Kalman 
filter. Consider an extension to the description of the system stated in eqn(zz).  
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where w(t) is model noise and v(t) is measurement noise. The principle of an observer is that 
given the system description it is possible to simulate the system behavior by applying the 
known input signals and output signals from the system. The estimation of the state vector is 
then:

(28))
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where is the estimate of x. Due to noise and disturbances the correctness of the estimated 
state vector measured as the difference between the measured output from the system and the 
simulated output: 

x̂

(ˆ)(ˆ txCtyxerror (29)

By using this quantity as feedback the observer becomes: 

(30)))(ˆ)(()()(ˆˆ txCtyKtButxAx

The feedback gain K influences the estimation error in two ways. By choosing a large gain 
the estimation error will converge faster to the correct value but at the cost of higher 
sensitivity to disturbances. As a result there is a trade off between these issues. The Kalman 
filter has for the application the optimal gain K which is determined by the riccatie quation
and based on the disturbance intensities within the system and on the outputs, i.e. w(t) and 
v(t). See [5] for further details. 
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7.5 Controller structure 
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The output vector from the system is TTiy and the full state output vector from 

the observer is T
obs Tiy . The reference is r and the control 

signal is u. The state vector for the rundown and tightening mode is

Tix
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Since the joint rotation is zero during shutoff the shutoff mode the state vector is  

Tix

Since using an observer the measurement input to the MPC controller yobs is defined as the full 
system state and the additional acceleration of the tool body and tool torque T at row 6 and 
9, respectively. See Eqn (32)
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For each mode in the hybrid model a specific controller is designed, each one with different 
objectives. By tuning the punishing weights for the Q matrix, a value of 1000 in each mode 
was found suitable. No weight is put on the input signal, i.e. P equals 1. The transition 
between these modes is determined by a state guard according to the Figure 16. In all modes 
the current is constrained to 8080 i  and the angle  is constrained to 1.01.0
which corresponds to the 3.5 cm limit of the tool-arm position. The motor speed is also 
limited to 60006000 which corresponds to a maximum tool speed of 1100 rpm. 

7.5.1 Rundown Mode 

In the rundown mode the objective is to follow a constant motor speed reference throughout 
the rundown section. The dynamics is given by the full state. The state vector is hence 

 and to follow the speed reference weight is put on the 
output

TTix
. The resulting Q matrix is: 
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7.5.2 Tightening Mode 

The objective is to drive the system to target torque as fast as possible. In this mode all 
subsystems are active. The difference form the rundown mode dynamics is that the stiffness 
of the joint is active in the tightening mode. However, the state vector is the same in both 
cases.

To achieve the objective of a target torque the Q matrix, which has the same dimension as in 
the rundown mode, is defined to have a large weight for T.

7.5.3 Shutoff Mode 

In this mode the handle is stabilized at zero velocity. When target torque is achieved the tool 
handle has gained energy from the joint and has therefore some amount of kinetic energy. For 
operator comfort keeping the tool-arm displacement within 3 cm, the motor has to brake this 
motion and stabilize the tool velocity at zero. Since the dynamics in this mode is only given 
by the motor and tool-arm system and not the joint, it has two states less then the other modes. 
The weighting matrix Q is set to the following
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Q
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7.6 Time delays 

Since the MPC controller is of predictive type, time delay is normally not an issue if the delay 
is constant over time. Though, when using a sampling time and control interval which is 
much shorter than the time delay problems can occur. When sampling the system the output 
time delays will be represented as dynamics which leads to a number of new states in the 
model, depending on the number of outputs and how large the time delay is relatively the 
sampling time. This extends the model order and computation time.  
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8 Control Evaluation 
The evaluation is carried out considering the three aspects productivity, accuracy and 
operator discomfort. Also robustness of the controller is examined and finally a comparison 
to the strategies of today is made. 

8.1 Control performance 

To begin with, the MPC design did not do very well in one of the system modes and that is 
the Shutoff mode. Running the controller in the mode “stand alone”, and when the system 
initiates from its origin, the performance is excellent. However, when entering the Shutoff 
Mode from the Tightening Mode the initial condition is far from the origin. From this initial 
condition the MPC controller does not seem to be able to control the dynamics of the tool-arm 
system. The objective is to drive the velocity of the tool-arm system to zero as fast as possible 
which the MPC controller does not manage. The reason for this is probably due to the 
differences in dynamics in the subsystems. The time constant for the motor and joint 
dynamics is about 0.5 ms and the time constant for the tool-arm system is about 100 ms. At 
the design stage this was not considered to be a problem and since the controller in the other 
modes performs well, more analysis has to be done regarding this issue. 

As a result of this behavior a PI-controller is used in the Shutoff Mode to bring the tool-arm 
system to zero velocity. The tuning of this controller is done by first drawing the root locus of 
the system. It shows that the controller gain must be smaller than 800 to provide stability. 
However, by running simulations a gain in the range of 1- 20 is more reasonably and 
therefore tuning is done by consulting the simulation response in the actual process.

Since constraints can not be fulfilled by a PI-controller alone, saturation or a reference 
trajectory for the speed of the tool body must be implemented. The reason for this is to limit 
the negative torque which else would loosen the joint. The saturation would set a limit for the 
applied current in order to control the maximum allowed torque used for stabilization. The 
reference trajectory has the same objective but instead a maximum allowed negative 
acceleration is set. Though, since the available time for stabilization is the difference between 
reaction time and tightening time, the velocity reference is calculated to use the whole 
remaining time after tightening to reaction. It is shown from simulations that the reference 
trajectory is preferable since a high negative current then can be used at short time instances. 
Another favorable matter is that the load acting on the system is lower when using only as 
much power as needed.

Obviously it is interesting to see the control evolution during the tightening process. By first 
considering that the joint angle  can be measured, meaning that full state measurement of 
the system can be derived by calculating the derivative of the angles. Assume also that no 
time delays are present. Figure 28 shows the evolution under the following operating 
conditions.
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Joint stiffness : 60 Nm / rad   jk
Rundown snug : 2
Tool speed 

s
: 1000 rpm 

Target torque : 50 Nm 

The controller configure is. 

Hp =  25,
Hc  = 10 
Control interval =0.25 ms (4 kHz) 

As can be seen the prediction does with good accuracy perform the objective. The high speed 
during run down is kept for as long a possible. One can notice a small reduction in tool speed 
just before the retardation. This is due to the torque build-up but should ideally also be kept at 
reference speed. As the MPC predicts the future evolution of the system the tool speed is 
reduced to zero as the torque builds up and stops at zero at target torque. When target torque 
is reached the PI-controller brings the tool-arm system to zero in a more “non-optimal” 
fashion.

Figure 28. MPC tightening simulation (full state measurement)
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However, since full state measurement is not feasible the controller is configured to use 
estimates of the unmeasurable states by using the observer. Moreover, in the real application 
time delays and noise in the measurements signals from the system is present and needs to be 
compensated for. A simulation under the same operating conditions as in the previous case 
but with an additional time delay of 1 ms and external noise for all measurements y is shown 
in Figure 29.The solid line represents “fictive” direct measurements in the system and the 
dashed line represent the real measurements and estimates obtained by transducers and 
observer. As can be seen the real measurements is delayed but the levels of each signal is 
according to the “fictive” measurements, meaning that the controller takes the delay into 
account and compensates for this fact yielding a more accurate control performance. 

However, the accuracy in target torque is not as good as in the ideal case. The variance in 
target torque is in the range of 1 Nm with the disturbance and delay included. The resulting 
overshoot that can be noticed is the result of two things. One is that the added disturbances 
and delay causes uncertainties.  When designing the observer there is a trade of between low 
estimation error and disturbance rejection and convergence time. No disturbance modeling 
has been done in this work and must hence be carried out. A more thorough investigation of 
these measurement noises in the system will lead to an optimal design of the observer and 
hopefully it will be sufficient to get the target torque within the acceptance level. If the 
problem still remains after observer optimization, one has to add a sensor to the system, 
measuring the joint angle . The second thing is that due to the desired fast reference 
following a small over shoot is accepted by the controller. This can be cured by either 
reducing the maximum tool speed or by reducing the soft constraints variable. The soft 
constraint variable is used in the algorithm to increase the feasibility of the MPC problem. By 
letting the constraints be violated to some limit a non-solvable problem can be thus solved. 
Consequently, by using hard constraints feasibility of the optimization problem can be 
degraded causing a non solvable problem. The problem here is that to both get a fast 
converges to reference torque value with no overshoot the constraint for maximum torque 
value was set to a value close above the torque reference in an attempt to reduce the 
overshoot.

The simulations also shows that a control bandwidth of at least 4 kHz is required to get good 
performance in good conditions and by running at a maximum tool speed of 800 rpm. Not 
much will be gained to increase the bandwidth more. This holds for stiff joint applications. In 
the soft joint application the overall performance is better why a higher tool speed can be 
used.

Furthermore, one can notice the current ripple in the beginning and end of the torque-build 
up. This is due to the fact that the observer is not correctly initialized to the proper state 
values. This is a consequence of the fact that it will take the observer some samples to 
converge to the system state value.   
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Figure 29. MPC tightening (estimated states)

8.2 Robustness  

Testing the robustness of the system with the MPC controller an analysis of variances in 
system parameter is performed. The interesting parameters are those where the uncertainties 
are expected to be highest and which influences the system the most. These are: 

Joint friction 
Joint stiffness 
Operator stiffness 
Operator mass 

The tool parameters, such as rotor inertia, friction in the motor and transmission are assumed 
to be well defined and will hence not impose a disturbance to the system. To investigate the 
influence of the actual parameters, simulations are performed where the parameters are set to 
a percentage deviation of the nominal value. Simulations have shown that large disturbances 
affect the system with great influence at this fast process times. Tough, the large disturbance 
would be handled by another failure system and hence the robustness test will investigate 
smaller deviations from the nominal values.  
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To begin with the friction in the threads for the joint is investigated. The result is that the 
friction does not affect the system noticeable considering a disturbance level of +/- 50 %. 

Figure 30. Robusness test for joint friction (note the scaling)

To analyze the joint stiffness the percentage deviation is set to +/- 10 % from the nominal 
value. The outcome shows that a disturbance does with great influence affect the system with 
respect to target torque. The controller relies on the model and since the process time is very 
short the feedback within the controller structure seems to be inadequate. Attempts to increase 
the prediction and control horizon have been made without any significant improvements in 
performance.  

Figure 31. Robustness test for joint stiffness (note the scaling)

The operator stiffness is varied form the nominal slack operator case to the stiff case in two 
steps, i.e. the simulated stiffness values are ,  and . The result is that the 
stiffness does not affect target torque precision. This is probably due to the fact that the inertia 
of the operator arm, cable and tool body absorbs all the energy. One can see in 

init
ok react

ok5.0 react
ok

Figure 32 that 
the position of the tool-arm system does not increase until target torque is almost reached. 
Since the position does not increase no energy will be stored and hence the stiffness should 
have little influence.  
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Figure 32. Robustness test for operator stiffness (note the scaling)

The investigation of the operator mass influence upon the system is done by varying the mass 
+/- 50% from the nominal value mo. The result is shown in Figure 33 and the interpretation is 
that the mass affect the system to some extent. At least considering standard joints. 

Figure 33. Robustness test for operator mass (note the scaling)

8.3 Comparison to control strategies of today 

A fair comparison to the control strategies today is hard to do since the operating points in the 
two controllers are widely different (see section Tightening Process and Control Strategies). 
A comparison to a one-step tightening strategy is not possible since accuracy in target torque 
can not be achieved when running at high speed. Therefore, the comparison is done by 
running a two-step tightening strategy. During the evaluation the maximum speed is set to 
655 rpm in the first step and 100 rpm in the second step. The speed in the MPC solution is 
thus 655 rpm. To illustrate the large difference in operator response the two-step tightening 
process is simulated with both a slack operator and a stiff operator. The energy use by the 
operator is also simulated which is a measurement of operator discomfort. Two operating 
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conditions is simulated, one stiff joint and one soft. The stiff operator case is the reality since 
the operator by protection tenses his muscles.

From the simulations two conclusions can be made. The first thing is that the TTO for the 
MPC controller case is shorter than the two-step tightening strategy. Consequently the MPC 
controller yields a higher productivity. The second thing is that the reduction of operator 
discomfort is better using the MPC controller. As can be seen in Figure 34 the maximum 
displacement of the tool and arm and the absorbed energy by operator is lower than in the 
two-step tightening strategy. In the MPC controller case only about a third of the energy used 
in the two-step tightening strategy is absorbed by the operator. This is due to the fact that the 
operator has to use pre-force when running the two-step tightening strategy.

Figure 34. Comparision between two-step tightening strategy and MPC control
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Conclusions and Future Work 

From the simulation part of this thesis work the conclusion is that the model with good 
correlation captures the real system dynamics. As a result, the constructed model can be used 
for simulation of different system applications such as analysis of tightening strategies and 
operator response.

The design of a new automatic control strategy has led to several conclusions and insights. 
Regarding the tool influence on the operator aspect the proposed control strategy is excellent. 
The operator does not need to put in any energy except from the force required to support the 
tool. Concerning the productivity the result is also satisfying. Since this is a solution to an 
optimization problem nothing else is to be expected. Due to the allowance of maximum speed 
throughout the tightening process until target torque, the process time is minimized. The 
solution also shows that the dynamic properties of the operator have little effect on target 
torque due to the fast tightening process. 

The drawback with this controller is that it relies very much on the model and has to be 
designed for each specific joint application. Since the joint has a central dynamic influence on 
the system a model error or disturbance will result in bad performance. The robustness test for 
the joint stiffness shows this disadvantage. Considering the accuracy in target torque the 
simulations show that there is some over shoot. This is due to the fact that the observer is not 
optimized for the disturbance in the measurements. More investigation is required to analyze 
the disturbances within the real system which will lead to a correct tuning of the observer and 
hopefully better accuracy in torque. The second thing is that due to the desired fast reference 
following a small over shoot is accepted by the controller. However, this can be cured by 
either reducing the maximum tool speed or by reducing a soft constraints variable. Feasibility 
of the optimization problem can then be degraded causing a non solvable problem. The 
conclusion is that the tools speed must be limited for hard joints.   

The inaccuracy in target torque indicates also that good signal properties and filtering is 
necessary for the MPC controller to be used. Time delay caused by filters could then be 
compensated for by the controller. To improve the robustness for the joint stiffness 
investigation of a more robust MPC control algorithm is needed. 

Real-time implementation of the MPC controller is probably not possible as it is due to the 
extensive computation time. To solve the problem with the extensive computation of the 
online MPC controller it can be reformulated to an explicit controller which means that the 
control law is computed off-line, The principle of the explicit solution is that the state-space is 
divided in to regions in which the control law is a piecewise affine function and thus basically 
only a look-up table. This yields a fast solution to the control design but does on the other 
hand require more memory storage. For further details see [6].  
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10 Appendix 
10.1.1 State-space representation 
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