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The purpose of this thesis work is to complete a project, where an indexing table type of
machine is designed, built, and fitted with servo motor system, together with industrial
automation control system and safety systems. The servo motor system used in the machine
is calculated and specified so that a commercially available servo motor, gear box and servo
drive system could be selected to be used on the prototype machine. Sizing the servo motor
includes specifications of the needed motion profiles and performance figures, together with
the calculations of the connected load mechanics. Based on this information, the needed
acceleration and deceleration torque can be calculated. After the torque calculations, the
inertia ratio between the motor and the moving mass load is calculated and based on these
values, the motor, gearbox and servo drive systems are selected and ordered. For controlling
the machine, a programmable logic controller is specified and programmed with user

operations, communication and control interfaces including machine safety features.
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ABBREVIATIONS AND SYMBOLS

PLC programmable logic controller
PC personal computer

IEC International Electronic Commission
DSP digital signal processing
epu back-electromotive force
back-EMF back-electromotive force
FOC field-oriented control
PWM pulse width modulation
d-q direct quadrature

J inertia

M mass

r radius

h height

w width

DC direct current

PPR pulses per revolution
deg degree, angle

t time

RMS root mean square

o angular acceleration

0 angular distance

1) angular speed

z sum

T torque

Ks safety factor

K PID-controller gain

Ka motion controller amplifier gain
Ka derivative control gain
Ki integral control gain

Kp proportional control gain
Kt torque constant

u voltage

1 current

1a motor armature current
R resistance

S Laplace operator

Lratio inertia ratio

e error or difference

T, integration time step

Tp time differential

P proportional

PD proportional derivative

PID proportional integral derivative
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1 Introduction

Scope of this thesis work is do design an automation system for controlling an indexing table
machine. The machine will be driven with a servo motor and servo motor drive amplifier.
Basis of the work is to make a design that can be implemented using commercially available
components and modules, since the work will be verified by building two identical prototype
machines that will be driven synchronized to each other. The machines will be used as part
of audio equipment testing arrangement, where the indexing table will be loaded with
equipment, which are tested in real world conditions and fed with a measuring signal. The

functionality of the machine is presented in the picture below.
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Figure 1 Machine functional block diagram.

The design work includes needed calculations to determine the required motor size and
performance, including the load calculations for rotating mass and the drive cycle calculation
principle. Thermal behaviour of the motor is not analysed in detail since the given
application of the prototype machines has low duty cycle offering plenty of cooling time
between drive cycles. Servo motor sizing and drive cycle is analysed using motor vendor's

tools to determine the correct motor sizing.



Automation system is specified and designed based on commercially available industrial
programmable logic controller computer (PLC) and the system software will be
implemented using standardized automation programming language and commercially
available programming environment. Hardware modules are specified and selected to be
connected using proprietary field bus lines and [P-network connections between devices, to
enable the required hardware and wiring construction for the prototype machines. User
interface for the automation system will be implemented to be running on a normal PC
computer or tablet, to meet the operational requirements. Control system design will be
limited to commercially available servo drive units, and the tuning of the drive is done with
tools supplied by the vendor of the servo drive system. The diagram of the servo motor

control system is below.

PLC Servo drive Machine
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Figure 2 Servo motor control system.

Prototype machines are being built to confirm the design goals, but the design and detailed
mechanics of the machines are excluded from this report. It is worth mentioning here that
the entire mechanical and electrical design, along with the actual building of the machines,

was done solely by the author of this work and did take several months to complete.

1.1 Goals of the work

The primary goal of this thesis is to conduct a complete design project starting from concept
specification and resulting in the development of two functional prototype machines using

servo motor drive systems and industrial automation control with connected peripherals.
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A key objective is to investigate the process of selecting and sizing servo motors in relation
to both theoretical design principles and practical constraints. Special emphasis is placed on
identifying the dominant factors that influence servo motor selection, such as torque
requirements, inertia ratio, motion profile analysis, and feedback control characteristics.

These factors are analysed, and their importance is reflected in the final design decisions.

The thesis also aims to translate operational and user-driven requirements into formal
technical specifications, and to assess how these impact system performance and motor
sizing. This translation from real-world needs to engineering parameters forms a critical part

of the design process, when the goal is to make something that really works.

Furthermore, the work incorporates the use of commercially available servo sizing and
simulation tools. The underlying theories behind these tools, including motor equations and
control loop dynamics, are examined to ensure an understanding beyond the use of black-

box software.

In addition to the design and implementation outcomes, the project also seeks to provide a
practical reference for similar engineering applications by documenting the challenges,

trade-offs, and solutions encountered during the process.

2 Servo motor system

Servo motor system consists of an electrical motor, motor position measuring device, motor
position control and the load connected to the motor. (Aura, 1996) In real life applications,
the load and motor can be either directly coupled, coupled with elastic coupler or connected
by means of a reduction gear set. The reduction gear set can be implemented using gears or
planetary gears, belt, or chain drive gears. Since servo motor systems are aimed for accurate
and position controlled moving of the load, the coupling between the motor and load needs
to be rigid enough, eliminating the use of slipping V-groove belt drives and fluid based
hydraulic couplings, unless used in a very specific application, where the positioning
accuracy is not that critical or achieved by monitoring the position of the load, instead of the

motor.
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2.1 Rotating mass load

Indexing table is a rotating mass, which includes the mechanics of the rotating table itself,
together with the payload mass of the units that are loaded on to the table. To determine the
needed torque and power of the motor that will be turning the table, the load inertia of the
table and payload need to be calculated. Simplified model of the indexing table is illustrated

here.

Payload A,B,C.D

Shaft

Rotor base

\=

Bearing

Motor and frame

Figure 3 rotating mass load system.

Inertia calculation for the table and payload combination can be done by summing the inertia
moment of the individual components, including the shaft, thrust bearing and rotating base
plates. bearing. The payload mass is treated as point mass, since the physical location and
rotating radius of the load is known, but the actual physical appearance of the load can vary.
For accurate calculation, the centre of mass for the load needs to be at known position. Motor
inertia is not calculated at this stage since that will be based on the selected motor and
gearbox combination and that data is provided by the motor manufacturer. Selection of the

motor needs to be done based on the inertia value and ratio of load and motor inertia.

Equations to calculate the inertia moment of each component are: (Voss 2007)
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Point mass M with rotating radius r
J=Mr? (1)
Thick-walled cylindrical tube with open ends, of inner radius 71, outer radius 72, and mass m.

J= % m (12 +12°) (2

Thin rectangular plate of height h, width w and mass m.

(Axis of rotation at the centre)

Je=—m (b + W) 3)

A uniform disk with a concentric hole of mass m, inner radius r; and outer radius 7>
J= % m (112 +12?) 4)

Total moment of inertia for the table and load is:
Jtotal = Jioad + Jshatt + Jplate A + Jplate B + Jbearing %)

The bearing is simplified to a uniform disk and calculated using the known mass of the

bearing unit.

— 2 2 2 2
Jtotal = Mioad A TA © + Mioad B B “ + Mioad C I'C + Mioad D I'D

1 1
+ 17 Mplate A (ha > +wa?) + 1, Mplate B (hg 2 +ws?) +1

1
= > Mbearing (rbearing_ID2 +rbearing_OD2) (6)
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2.2 Motor

Servomotor is a unit consisting of an electric motor and integrated angular position sensor
in a single motor housing. The type of the electric motor can be anything, ranging from
brushed DC-motors to 3-phase induction and synchronous motors and linear motors. In
principle, any electric motor can be fitted with position measuring device, and this
combination will form a servo motor unit. Also, it is possible to wire and control a
conventional asynchronous 3-phase induction motor to function as position and direction-

controlled motor. (Aura, 1996)

Commercially available, rotating servo motors are typically constructed using a 3-phase
synchronous motor, which has a permanent magnet rotor, power ranging from 0.1kW to
approx. 40kW. (Beckhoff.com, 2025) The servo motor used for the prototype machine will
be a 3-phase brushless synchronous motor, with permanent magnet rotor and driven with a

servo drive amplifier. The internal structure of this type of servo motor is in the image

below.

Stator core Stator winding

\ Permaner:t megnet rotor ! Bt
\ 2z

Shaft seal 7 X

- f

r Bearing I

Bearing
L Direct coupling

Figure 4 servomotor structural drawing (ato.com)

From operational point of view, an industrial application servo motor needs to be able to
accurately reproduce all the commanded control variables, such as position, velocity,
acceleration and while doing so also producing the needed amount of torque at needed speed.
To meet these requirements both the motor and the drive electronics need to be sized and

selected carefully. (Welch, 2002). Commercially available servo motors are usually driven
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with a servo drive unit, which has in single housing the variable frequency drive to feed the
motor, control computer and connection interface for the position measuring feedback. Drive
electronics can also be integrated as part of the motor housing, forming a fully integrated

drive and motor unit.

General electrical requirements for a servo motor can be generalized as requirements for
high performance permanent magnet synchronous motor. These requirements distinguish
servo motors from conventional grid connected machines, such as asynchronous induction
motors. Servo motors need to have a relatively low stator inductance and short electrical
time constant, enabling fast dynamic reaction to torque control. The low inductance design
results with low voltage drop across the stator windings, which enables an effective current
regulation under rapid load variations. Also, the internal back-electromotive force epy,, that
is induced by the permanent magnets mounted on the rotor, is designed to be lower than the

nominal voltage levels found in the electrical grid.

Back-electromotive force also often referred in literature as back-EMF is the voltage
generated by a motor’s rotating magnetic field as it cuts through the stator windings. In
permanent magnet synchronous motors, this occurs when the rotor’s permanent magnets
induce a voltage in the stator coils as the motor spins. The magnitude of back-EMF is
proportional to the motor speed and the strength of the magnetic field. The waveform of the
back-EMF depends on the type of the motor, being sinusoidal in permanent magnet
synchronous motors and trapezoidal in brushless DC motors. Back-EMF acts in opposition
to the applied voltage, and understanding it is critical for efficient motor control. (Jeonghwan

et al, 2022)

2.3 Position measurement

Servo motor position is measured with a sensor that is mounted directly on the motor housing
or inside the motor. The sensor typically is directly connected to the motor shaft and follows
the shaft rotation. Two basic types of position measurement devices used in rotating servo
motors are encoders and resolvers. The main difference of these two types is the output
signal voltage waveform that they produce. Encoders output square wave pulses, which can
be read directly on a digital input. Resolvers output alternating sine wave output, that need

to be read on an analogue input, which is specifically designed for that purpose and provides
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the magnetizing voltage, by feeding a reference sine wave voltage excitation for the unit.

Resolver output signal can also be converted to digital if needed.

ENCODER T
5 o= SINE
> 0 —
45

TIME

V_I |_ > I /\ /\ / COSINE
TIME / \S U p g

TIME

VOLTS
o

Figure 5 Position measurement signals (Nidec-Avtron, 2024)

Pulse encoder output does not contain position information since it is only sending out set
number of pulses per shaft revolution, so the position needs to be calculated, based on a
known starting position reference and the number of pulses during the motor revolution.
Resolver output includes the absolute position information inside one revolution, based on
the sine/cosine waveform that the resolver is sending out. Encoder is powered using a
separate low voltage DC feed, separate from the motor operating voltage. Typically, this is

either 5V or 24V DC supplied by a separate control voltage power supply.

This means in real life applications, that encoder and resolver are not interchangeable, and
they require both a dedicated power supply and different type of input for the signal.
Encoders have typically built-in electronics, limiting the operating temperature range,
whereas resolvers have separate interface electronics in the power supply unit. In
commercial servo drives the power supply and signal input are usually integrated to the drive

electronics unit and the drives can support both types of position measurement devices.

(Nidec-Avtron, 2024)
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The position resolution of the measured motor position needs to be enough, to match the
motor positioning accuracy target. For rotary encoders, the resolution is specified as Pulses
Per Revolution (PPR). The number of pulses needs to be enough to enable required
positioning accuracy of the motor. Position resolution of absolute encoders is usually
specified as bits since the encoder output is a binary word. The prototype motor will use an
encoder that has 23bit output, so the encoder can measure 223 = 8388608 positions per

motor revolution. So, the theoretical positioning resolution of the encoder is:

360deg __
223

0.000043 degrees

The positioning resolution is less than the calculated theoretical maximum. The specified
angular resolution of the position feedback system in the prototype machine is 0.015 degrees.
This is because the encoder used is a multiturn encoder, so that the resolution is divided over

multiple revolutions.

3 Servo motor system design factors

When designing a servo motor system, several design factors need to be considered. The
goal of the design is to have a system that can fulfil the required movement or rotation tasks,
described by load motion profile graphs, using a motor that is big enough to perform the
task. Motor needs to be also driven with adequate amount of electrical power and done in a
way that the motor will not get overloaded with voltage or current to enable reliable and safe

long-term operation.

The motor and load combination needs to be able to move the required motion profile while
maintaining stabile operation, without mechanical jerks or oscillating motor torque. Sizing
the servo motor is the most critical design choice, which will determine how the system can

perform, if controlled and tuned properly.
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3.1 Servo motor sizing

Sizing the servo motor is critical to ensure desired performance, accuracy, and reliable
operation for the given application. When given the scenario that the servo application has
defined motion objectives and mechanical structure, it is possible to proceed with motor
sizing and calculations. giving the basic operational framework and the duty cycle of the
operation is known, basic process of selecting the appropriate size for a servo motor the

following process. (Voss, 2007)

motion mechanical load and duty load motor/gearset drive
‘g components cycle definition calculations )
objectives s elz ction Y selection selection

Figure 6 Motor sizing steps, depicted from Voss

The calculated load moment of inertia and required drive cycle angular acceleration,
deceleration and drive speed determines the required motor torque and speed requirement.
Then the inertia ratio between the load and motor needs to be evaluated in the scope of the
required drive cycle and positioning accuracy. Motor selection can then be made based on
the given performance target values. Inertia ratio is one of the key factors when sizing a
servo motor system. Inertia ratio effects the positioning accuracy and ability to control
accurately the moving machine according to the drive cycle. After the motor specifications
are known, it is possible to select the servo drive with enough output power capacity and
matching voltage levels to drive the motor according to the drive cycle. The white paper by
Mitsubishi Electric gives the perfect summary on the importance of inertia ratio calculations,

explained in more detail in the following sub-chapter:

"More importantly, higher inertia ratios push the resonance and anti-resonance peaks down
to lower frequencies, significantly curtailing the effective operating bandwidth of the system.
Your motor might have enough torque to move the load, but it may not be able to do it

quickly and smoothly enough to satisfy the application." (Mitsubishi Electric, 2015)
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3.1 Inertia ratio

Inertia ratio is one of the critical aspects of servo motor sizing. It is the factor of load inertia,

including the machine mechanics, and the motor / gearbox inertia.

Iratio

JLOAD
= LoD 7
JmMoToR ( )

When the motor is connected to the load using a reduction gear gearbox with gear ratio N,

the reflected load inertia Jrer to the motor can be calculated:

JREF = ]—LZ':D )
JREF JLoaD
ratio JMOoTOR+JGEARBOX N2(JMoTOR+JGEARBOX) ©)

Inertia ratio describes how efficiently the motor can control the movement of the load during
the given motion profile. Ideally the inertia ratio should be as close as possible to 1:1 for
best possible inertia matching. This is often not possible to achieve, since motor sizing with
inertia ration of 1:1 results with exceptionally large and expensive motor to be used. There
is no fixed value that could be selected as the ideal inertia ratio. Badly selected inertia ratio
can result with condition, where the load starts driving the motor during deceleration and
this can lead to positioning overshoot or oscillating control and bad control tuning. Servo
motor system manufacturers have published recommendations on suitable inertia ratios for
different applications. These recommendations are based on the general rule that inertia ratio
below 10:1 should be preferred. For high position accurate and high-speed applications
inertia ratio as low as 2:1 should be used, for moderate positioning 5:1 and for high friction

loads 10:1 is acceptable. (Beckhoft, 2024)
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3.2 Motion profiles

One movement of the servo motor system, from standstill to a new resting position can be
analysed as one motion profile. Basic types of motion profiles are triangular and trapezoidal

profiles. (Voss, 2007)

 J

Figure 7 Motion profiles.

where v is velocity (or angular velocity w for a rotating machine), t is time, t, is acceleration

time, tq is deceleration time and to is time at speed zero (rest).

To calculate the needed torque requirements for servo motor sizing, we need to analyse the
motion profile. When combining multiple motion profiles together we can form the entire
drive cycle of the servo motor, that is required to determine the needed RMS torque, based
on the resulting angular acceleration and deceleration values needed to complete the motion

profiles.
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To calculate the maximum needed torque, we need to know maximum acceleration and/or
deceleration. To be able to also determine the needed RMS torque we need to know the total
cycle time of the drive cycle, acceleration and deceleration times, constant speed time and

time at zero speed.

Maximum acceleration and deceleration can be calculated as below: (Voss, 2007)

Acceleration a, = % (10)
a

Deceleration aq = % (1T)
d

Where w4, 1s the maximum angular velocity, t, is the minimum acceleration time and ty4

is the minimum deceleration time.

Next, we will analyse a simple trapezoidal motion profile for a rotating machine.

(Voss, 2007)

Figure 8 Trapezoidal motion profile
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Total rotation travel in radians
Ot = O + 6, + 6, = (e La 12
Total — a+ c+ d = Wmax 2+tc+2 ( )

Maximum angular speed of the motion profile:

9Total
max (t2a+tc+t2d) ( )

where 6, is acceleration travel, 8, is constant speed travel, 6; is  deceleration

travel, t, is acceleration time, ¢, is constant speed time and t; is deceleration time.

Acceleration

azwxzn (14)

ta

Trapezoidal motion profile is the most basic type, which includes also constant speed drive.
In real life applications the motion profile is often more complex than this. The prototype

machine will require more complex motion profile that will include jerk reduction.

3.3 Jerk reduction

Jerk is the time derivative of angular acceleration, when discussing rotational machines.
Radical rotational velocity changes result with heavy mechanical load to the machine
mechanics and can cause mechanical vibration or damage to occur. Especially with high
inertia loads, it is beneficial to implement a motion profile that reduces jerk. The jerk
reduction results in S-curve, or sinusoidal motion profile. For the rest-to-rest motion, a
complete profile consists of seven symmetrically distributed segments, in which the jerk

remains constant at zero or its peak value. (Fang et al. 2023)
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Figure 9 Jerk limitation principle (Fang et al. 2023)
where ¢, i=0, 1, ..., 7 are the time boundaries of each segment; 71, 7>, and 73 represent the

time periods for the constant jerk segment, constant acceleration segment, and constant
velocity segment, respectively. The first three segments constitute the acceleration phase,
while the last three segments constitute the deceleration phase. (Fang et al. 2023)

Jerk limitation offers mechanical benefits by reducing mechanical loads on the machine, but
the downside is that jerk limitation can increase the required torque from the motor. 100%
jerk limitation on a motion segment requires double the torque when compared to linear

acceleration with the same target speed and duration. (Voss, 2007)

The word "jerk" is not a formal SI unit term like velocity or acceleration, but it has become
widely used in engineering and physics to describe sudden changes in acceleration, changes

which often feel like a "jerk" to the system or person.
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In mechanical systems and especially in those involving human interaction or involving

delicate parts and mechanical structures, high jerk values can result in:
e Mechanical stress.
e Vibrations
e Poor ride comfort in vehicles, and elevators.

e Decreased service life of components.

S-curve acceleration can be analysed by looking at the acceleration over time.

Y

L, I‘2 I'J

Figure 10 Acceleration profile (Voss, 2007)

where t 1s time of acceleration increase, t is time of constant acceleration, t3 is time
of acceleration decrease, amax 1S maximum acceleration of the profile.

If t1 = t3 jerk limitation is 0% and if t> = 0 jerk limitation is 100%

Generic equation for S-curve final angular speed wr is

_ %max't1

L 4 gy - £ + TR (15)

w
f 2
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Maximum acceleration can be calculated, when final angular speed is known, and

acceleration times are known.

13
Amax = i (16)

Analysing the acceleration graph on picl0 need to be done in segments, to be able to
calculate the acceleration and angular speed under increasing acceleration, constant

acceleration and during decreasing acceleration.

Increasing acceleration 0 <t <t

Acceleration at any given time t: X = Amax * o (17)

Angular velocity at any given time: W= a?t (18)
o= (19)

Constant acceleration: t1 <t<(t1 +1t2)

Acceleration at any given time t: a = Amax

Angular velocity w; at any given time t, when t =t - t;:

= D% L Qpax b (20)
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Wt = Amax (% + t) (21)

Deceleration (t; + t2)< t < (t1 + t2 + t3):

t
o= Amax (1 - Z) (22)
2
Wr = Cmax - (% +t T> (23)

Now that we have defined a way to analyse the motion profile, it is necessary to calculate
the needed load torque peak and RMS values for motor sizing. To be able to calculate the

RMS load torque, the entire drive cycle needs to be analysed and calculated together.

3.4 Maximum torque

In servo motor system design, understanding the torque requirements is essential for
ensuring reliable and efficient operation. The torque produced by the motor must be
sufficient to overcome both the inertial and frictional loads throughout the entire motion
profile. This section presents the key equations used to calculate the maximum torque
required during acceleration and deceleration phases. These calculations form the basis for
selecting a motor that can meet the dynamic demands of the application without exceeding

its performance limits.

szstem = Jioad T Jmotor (24)

Ta= szstem’ a (25)

Ta= szstem -d (26)
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TroraL=Ta+ T¢ (27)

where Jsystem 18 total system inertia, Jioad is load and mechanics inertia,
Jmotor 1S motor (incl. gearbox) inertia, Ta is acceleration torque, Tq is deceleration
torque, a is angular acceleration, d is angular deceleration, TtoraL is motor total

torque, and T. is constant torque by friction.

3.4.1 RMS load torque

While maximum torque is critical for handling short bursts of acceleration or deceleration,
it does not fully represent the motor's long-term workload. The root mean square (RMS)
torque provides a more comprehensive measure of the continuous torque demand over an

entire motion cycle, ensuring thermal stability and reliable motor performance.

T = |TatT? tat (TatT)* tat Th? th (28)
RMS tattatty

where T, is acceleration torque, T¢ is constant torque, Tq is deceleration torque, Th is
holding torque, ta is acceleration time, tc is time of constant speed. tq is deceleration

time, and t;, is holding time.
3.5 Motor performance

Servo motor selection includes several aspects of the motor performance, which need to be
evaluated and matched to the motion profile and drive cycle. Motion profile gives load
torque, load RMS torque and load maximum speed values. Depending on the application,
motor speed may match the load speed, or the machine may include transmission that has a
reduction gear ratio, which reduces the motor speed towards the load. Acceleration torque
of the motor can be calculated, after the motion profile is known and analysed. (Younkin,

2007)
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Acceleration torque

J1 = Ji0ad
Ta=Jr a = (Ju+Ju) 22
Tr=TL+Ta

Tv=KsTr

(from equation 5)

(29)

(30)

(31

where Jp is load inertia, Jm is motor inertia, Jt is total inertia of the system, w, is initial

velocity, w4 is final velocity, t is acceleration time, T is acceleration torque, Tt is load

torque, Tt is total torque, Twm is motor torque and Ks is safety factor.

Maximum acceleration torque is required from the motor for short duration at the time.

Motor design and cooling capability determines for how long time the maximum torque can

be maintained before the motor stator winding heats up too much to cause damage.

Depending on the application, the duty cycle of the drive cycle needs to be evaluated to

ensure sufficient cooling time for the motor. Another torque value to calculate is the RMS

motor torque, which is the overall long term torque requirement for the entire drive cycle.

Servo motor manufacturers provide motor model specific torque-speed curves, which can

be used to evaluate the relation between motor peak torque and RMS torque capacity.

Example of the graph below.

25
Maximum Instartansous r:.'ll.'|li.‘!

&0 »
E 1.5]
f Limited Duty Ragian
= 1ol
= Rated Torgue

"_
16 _‘_“———_\_\_\___
Continueus Duty Region
0 |
0 1000 2000 3000 4000 aan &aon

Spaed [r/min]



28

Figure 11 Torque diagram (Linear Motion Tips. Oriental Motor USA, 2025)

RMS load torque was calculated in equation (28) and the calculation includes not only the
different torque values of the drive cycle, also the duration of each condition. The calculated
load RMS torque should fit within the specified motor manufacturer's continuous duty region
of the speed-torque diagram. This ensures that the motor has enough thermal capacity to

operate the needed drive cycle without damaging the motor stator windings.

3.6 Safety factor

Motor torque calculation in equation (28) includes a multiplier Ks that is the safety factor
that increases the calculated maximum torque requirement. Typically, the safety factor
ranges between 1.5 to 2.5 depending on the application. Safety factor is used to ensure that
the calculated torque will be sufficient also in the case on long lifetime use, including
mechanical wear, increased friction, higher ambient temperature, dust buildup and
restrictions on the motor cooling, variations in the load etc. external factors effecting the
motor performance. In a highly controlled and stabile operating environment the safety
factor can be small and in a harsh, unpredictable, or unknown environment it can be even
larger than 2.5. On the published documentation released by the motor manufacturers
recommend safety factor of 2.0 to be used in general conditions. This value was also used

with the prototype machine. (Beckhoff, 2025)

Using safety factor in the torque calculation does not replace the need for motor thermal
condition calculations, if it is evident based on the known application that the ambient
temperature will be higher than normally used for the motor specifications. Also motor
cooling can be forced or liquid based, that then requires more careful thermal design to
ensure sufficient cooling. Commercially available rotating servo motors have been designed
to have a closed mechanical design without forced cooling fan, or if forced cooling is

available, it is done by adding a separate cooling fan on the outside of the motor chassis.

On the prototype machine of this thesis the duty cycle for the motor will be extremely easy

and no thermal calculations are made.
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3.7 Motor time constants

Commercially available tools for servo motor sizing provide not only the basic load and
torque calculations but also enable the modelling of drive cycle and simulate the resulting
motor drive parameters. Most servo motor manufacturers provide this kind of calculation or
simulation tools to enable easier servo motor sizing and selection of their offering. Dynamic
modelling of the motor requires understanding of the time domain behaviour of both the
motor mechanics and the electrical operation. When the servo drive gives an electronic
command by applying voltage to the motor, the motor responds to this input both

electronically and mechanically. (Welch, 2002)

There are three different time constants to evaluate, during the motor performance

simulation. (parker.com, 2024)

e Motor thermal time constant
e FElectrical time constant

e Mechanical time constant

Motor thermal time constant indicates the heat handling capacity of the motor, winding and
casing. It describes how motor is storing the heat that is generated in the winding during
operation. High thermal time constant indicates that the motor needs longer time to cool

down, compared to motor with low thermal time constant.

Electrical time constant is a calculated value based on the basic electrical values of the motor
winding. It can be calculated by dividing the winding inductance by the motor resistance.
Electrical time constant is indicating the amount of current ripple at a given switching
frequency. Large electrical time constant results with low peak power. Small electrical time

constant requires higher switching frequency from the driving feeding the motor.

Mechanical time constant is a measured performance feature, describing the needed time for
the motor to accelerate to 63.2% of the maximum rated speed with no mechanical load.
Mechanical time constant is a measure of the motors capability to respond to the given

commands. (parker.com, 2024)

National Electrical Manufacturers Association NEMA has published standards about motor

specifications, that also include definition for the electrical and mechanical time constants
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of servo motors. The NEMA specification for electric time constant is, that what is the time
required for the motor current to rise to 63.2% of the final value after a zero-impedance
source voltage is applied to a motor that is in a stalled condition. Mechanical time constant
NEMA specification is the time required for an unloaded motor to reach 63.2% of the final
rotation speed when similar voltage input is applied as in electrical time constant

specification. (NEMA ICS 16-2001)

Electrical and mechanical time constant are calculated in the following chapter. Thermal
time constant and the related calculations are excluded from the scope of this thesis work,
since the prototype machine will have an exceptionally low duty drive cycle and plenty of
cooling time. It is worth noting that in general, thermal behaviour of the servo motor is an

extremely critical aspect on the overall system reliability and performance evaluation.

Electrical time constant is also temperature dependent, and typically manufacturers specify
the motors at room temperature (25C or 40C). The winding inside the motor will not be
operating at this temperature since during the motor running the winding temperature will
begin to rise. This changer the resistance value of the winding. This not only changes the
electrical time constant but also causes the mechanical time constant to rise. In motors with
permanent magnet rotor, also the magnetic properties of the rotor will change as the overall
motor temperature will increase. Rotor has less convection cooling available, since it is

located inside the motor casing and surrounded by the winding. (Welch, 2002)

3.8 Motor equivalent circuit

In the context of analysing permanent magnet rotor synchronous motors, the equivalent
circuit serves as a simplified electrical representation of the motor’s dynamic behaviour. Its
primary purpose is to model and analyse how voltages, currents, magnetic fields, and torques
interact in the motor. An equivalent circuit can be selected based on the needed scope or
purpose. It allows engineers to simulate and predict motor performance under various
operating conditions without requiring physical testing. By abstracting the motor into
electrical components such as resistors, inductors, and voltage sources, the equivalent circuit
provides a practical framework for understanding transient and steady-state responses. This
approach is particularly useful in control system design, fault analysis, and efficiency

optimisation.
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3.8.1 Torque model

Simplified torque model can be used for quick estimation of the motor torque, based on the
current fed to the motor. The model focuses only on the mechanical behaviour of the motor
and excludes several electrical factors, thus being very simple and easy to implement also in

real time control algorithms, using lookup tables.

3.8.2 Direct quadrature frame

Forming a dynamic equivalent circuit in a rotating reference frame or direct quadrature frame
can be used for analysing torque, magnetic flux and current dynamics in the motor. This is
the basis for field-oriented control (FOC) algorithms and for vector control algorithms.
Equivalent circuit in d-q frame is constructed by transforming 3-phase system to quadrature
frame system using a method called Parks transformation, which converts the time-domain
components of a three-phase system to direct, quadrature and zero components in a rotating
reference frame. (Mathworks.com) The quadrature frame model decouples torque control as
g-axis and flux control as d-axis. This modelling enables accurate electrical and magnetic

dynamics estimation.

3.8.3 Three-phase abc-frame

Motor modelling in 3-phase abc-quantities is often used in simulation environments, such as
Matlab Simulink. This model enables studying unbalanced or faulty conditions and
modelling of non-sinusoidal waveforms, such as effects of PWM controlled voltage feed.
This also enables easy analysis of harmonics and noise in the system along with
asymmetrical and short-circuited winding conditions. Equivalent circuit in the abc-frame

considers the time-varying inductance caused by the rotor and magnet-induced back-EMF.

3.8.4 Steady state model

Steady state equivalent circuit includes only stator resistance, synchronous reactance and

back-EMF. This is often simplified for sinusoidal steady state at motor rated speed. This
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simplified model is very usable for analysing basic motor performance, estimating input and
output power, motor efficiency and motor current draw. Steady state model is usable for
motor sizing and servo drive selection calculations, where not so detailed motor analysis is
not needed. For these reasons, calculations in this thesis are made based on the steady state

model.

Equivalent circuit of a three-phase synchronous motor per-phase is below.
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Figure 12 Motor equivalent circuit (Dambrauskas et al 2020)

The above equivalent circuit diagram consisted of two main components: The stator on the
left side and the rotor on the left side. As the result, the inductance (Xs) and active resistances
(Ra), back electromotive force (Ep), input voltage (Un), and armature current (I

(Dambrauskas et al 2020)

Related calculations for the stator per phase are:

Uy = Ep + X, + Ry, (32)

Ep = Uy — Xslqg — Ralq (33)
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where Un is input voltage, Ey is back-electromotive force, Xx is armature inductance, R, is

armature resistance and I, is armature current.

Steady state DC equations are: (Younkin, 2007)
Voltage u; = igRy + Koy, (34)
Torque T=i,Kr = Jra (35)

where u; is input voltage, 1. is armature current, R is armature resistance, Ty is load torque,
om 1S motor angular velocity, J; is total inertia of motor with the load and o is angular

acceleration.

The above equation (33) can be used for determining the back-EMF constant K. value by
measuring the open circuit voltage on the stator winding. Equation (34) is assuming that the
current i, is separated as torque generating current only, that is the basis for id0 control
principle, where stator currents are decoupled to d-axis and g-axis currents. The d-axis

current is assumed to be zero and g-axis is only generating torque.

Differential, general equation

U = iR + Lo 52 + Kooy (36)

On Laplace plane equation (35) can be written as:

W = iRy + LgSiy + Kooy (37)
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u; = (;—as +1)iqRq + Kooy

i = (ui—Ke oy )

a= " oo .\
Ryl =—S+1
a(Ra )

KnOWing that T = KTia =]T(X =]T0‘)MS

we can combine the above equations to:

- (ui—Keop)KT
M= e N o
(ES+1)Ra]TS

The above equation can be presented as block diagram.
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Figure 13 Equation block circuit (Younkin, 2003)

Closed loop equation is:

1

oM __ Ke

.~ (Ral L Ral
u 2aJT \(ZaNe2, (2Ra)T
' (KeKT>(Ra)S -I-(KeKT)S-I-1

Mechanical time constant, from above equation:

(38)

(39)

(40)

(41)

(42)
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= BaJr (43)

T =
M KeKr

Electrical time constant, based on Figure 13 equivalent circuit:

T, =22 (44)

4 Servo control system

The servo motor control system is fulfilling the goal of controlling the position of the driven
machine, so position control is the primary control item. Servo motor drive control unit has
usually three individual controllers, position, current and voltage controllers. When these
controllers are operating in series, the control is called cascade control. Cascade control is
used to improve the overall performance and response of the control system. The operation

of the controllers is presented in the following subchapters.

4.1 Position control

Operational goal of a servo motor position control can be simplified as two criteria,
command tracking and disturbance rejection. (Kaiser, 2001) Command tracking addresses
the question of how the motor follows the commanded motion parameters, such as position,
velocity, acceleration and torque. Disturbance rejection addresses the system’s capability to
handle external disturbances, caused by factors like friction, load variations, mechanical

vibrations and incorrect motor parameter estimations.

Controlling the position of a servo motor and connected load requires a control system that
can adjust the motor feed voltage and current, based on the measured motor position and set
target of where the motor needs to be positioned at a given time. Most common way of
implementing a disturbance rejection servo control is the use of PID-controllers and closed

loop control with motor position feedback.
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4.2 Controller principle

The simplest form of a system control is a switch or relay, enabling digital on/off control of
voltage, or when controlling a valve, the flow of liquid or gas. The control is based on a
measurement, such as level, temperature, voltage, or pressure. Control is very robust and
does not respond well to changes since the correction is always done at full power. Good
example of a functioning on/off control is to fill a tank with water, where the flow of the
liquid is controlled by a valve or pump and measured using a float operated limit switch on
top of the tank. Many heating applications are using a thermostat control for the heating
element, turning it only on or off, depending on the measured temperature. If the controlled
process is not very stable or reacts quickly, the control can become unstable and lead to
oscillating result. The solution to better control accuracy and process stability is to use
proportional control. PID-controller is a combination of controllers, enabling tuned and

process parameter matched proportional control.

PID-controller is combination of three controllers, Proportional, Integral and Derivative. The
controller is typically implemented in a microprocessor or computer system, where the
tuning of the controller can be done by adjusting the controller parameters in the software.
This enables the controller to be used in wide field of different applications without changing
the basic operation and software. The same controller block in the software can be tuned to
perform various control tasks. PID-controller can also be configured to have only one or two
functional blocks, forming a P, PI or PD-controller. Originally the very first adaptations of
a PID-controller were mechanical and pneumatic systems, which were very complex,
expensive, and hard to tune, since that required mechanical adjustments or change of

components. (Astrém, 2006)

4.2.1 Proportional controller

Proportional controller, without the integral or derivative parts is the simplest configuration
of a PID-controller. Control is done by correcting a target proportional to the measured
difference. This leads to the fact that the target can never be reached, since when the

difference is approaching zero, the applied correction does the same.



37

P-controller can be expressed by this equation.

u(t) =Kp - e + ess (45)

where u(t) is response, Kp is amplification, e is difference or error and ess is steady state

M908

When used for motion control applications, the steady state error can be assigned to be zero

in the equation.

4.2.2 Integral controller

Integral controller is integrating the difference and will continue to add control if there is

any error present. Integral controller can be used to reduce the steady state error.

Integral controller can be expressed by this equation.

Lout = K1 f edt (46)

where lou 1s response, K is integral multiplier and e is difference.

4.2.3 Derivative control

Derivative part of the PID-controller is used to improve the overall stability of the control.
Change rate of the input is triggering the derivative control. Since the derivative is neglecting
the error absolute value, it cannot operate on its own. Derivative control can be expressed

by this equation.

u=Kp— (47)

where Kp is derivative multiplier and e is error
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4.2.4 PI controller

A PI controller can be expressed:

u(t)= K, [e(t) + ?1, [y e()dz| (48)

where u(t) is the control signal, e(t) is the error signal, K, is the proportional gain and t; is

the integral time constant.

If looking at the steady state error of the system, when the system has settled but there is

non-zero error e the error becomes constant e(t) = ess. Then the integral of error becomes:
t t
fo e(t)dr = fo ess(dT) = eg -t (49)
By substituting this to the PI equation (49):
1
u(t)= K, [ess + o €gs * t]

We get:

u(t) = Kp((ess + 2 ¢) (50)

where K, is amplification, ey is steady state error, t; is integrating time, t is error duration

time.

In the above equation (50) the first term Ky(eg) is the proportional response and second

term Kp(% . t) grows linearly over time, representing the accumulation of error, that is the
1
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integral action of the controller. The equation (48) is clearly showing that when the error

duration grows larger, the control increases eliminating the error more effectively.

4.2.5 PID controller

When combining all above-described control blocks, we get the complete PID controller,
that has despite of its simplicity, the ability to be tuned quite effectively for various control

purposes. PID-controller can be expressed by this equation.

d
u=Kp(e+TiIfedt+TDd—i) (51)

where K, is amplification, e is error, T} is integration time and Tp is derivation time.

4.2.6 Cascade control

First implementations of the cascade control for industrial use were using pneumatic
actuators and appeared on the market in the 1950's. After that the development of electronic
and digital control systems expanded the use of the cascade control principle. Cascade
control needs only one additional feedback compared to conventional closed loop single
circuit controller. When using cascade control, it is possible to adjust the process by altering
the most significant process parameter. Cascade control has faster reaction time; better

performance and it responds well to process errors. (Smith, 2010)

Typically, the controllers that are forming a cascade are PI-controllers. The main controller
output is used as input for the following secondary controller. Changing the main controlled
parameter is done by using variable control feeds from the secondary controllers. The
internal controller is controlling this feed. Use of cascade control is especially needed when
the control has parameters that respond slowly, multiple measured signals and one primary

controlled signal. Cascade control can also reduce overshoot. (Astrém, 2006)
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Example of a cascade connected servo controller diagram is presented here:

input response
PLC position controller——| speed controller |[— | current controller Motor —n

~

du
— —_—

dt | speed

current feedback

position feedback

Figure 14 Cascade control block diagram

The controller has three feedback loops. The main controller is for position control, middle
controller for motor speed and the last controller on the cascade chain for motor current.
Motor has position feedback sensor, which is feeding back the measured position to the
position controller and the position derivative is used for the speed controller feedback input.
Current controller feedback is the measure motor current. The control behaviour of this kind
of cascade controller is, that the response time is shorter for current and voltage variations
and position control is more stable, enabling faster drive cycles with higher speeds and larger

angular acceleration and deceleration.

5 Implementation using programmable logic controller

Programmable logic controller (PLC) is a special purpose computer, which can be
programmed to operate the needed control tasks. Typically, the PLC is a dedicated and
embedded device, differentiating from personal computers, which are general purpose
computers. PLC i1s widely used in different fields of industrial automation to control
individual machines; groups of machines or entire processes and they can be combined to
form large and complex control systems. Because of the application, PLC needs to be highly

robust and reliable as a device and as part of the process that it is controlling. Typically, PLC
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devices don't have a built-in interface for the user, such as a display screen or keyboard.

(Walker, 2012)

Before computers were available, controlling industrial machines and processes was done
using mechanical devices, such as gyroscopic speed controllers, cam and lobe systems or
spring loaded and pressure operated valves or completely manually, based on operator's

experience and observations.

For larger systems, PLC can act as a central control system, which has connections to other
subtask controllers or control devices. Robotic solutions usually have their own, dedicated
control systems because of the complexity of the control task and the level of integration.
These robotic systems are then controlled by the primary control system to act as machines

in the process.

The prototype machine will have a PLC controller, which is commanding the servo
controller drive unit. PLC will command the desired position and speed targets, that the servo
drive controller will use and based on the inputs will compute the needed drive parameters
for the actual motor. During the drive and after the drive have been completed the servo
drive will send feedback information to the PLC, enabling real time monitoring of the drive
parameters, motor performance, status monitoring and fault messaging, especially in the case

that the requested drive cycle was not completed.

5.1 PLC IO system

The central unit of the PLC includes the actual computing unit mother board, possibly an
integrated power supply and needed connectivity interfaces to integrate the PLC to the
desired machinery environment. Since the applications are very different and can include
different number of needed inputs and outputs to and from the PLC, the inputs and outputs
are typically sold and installed separately as modules. This modular IO configuration enables
the PLC unit to be fitted with the needed interfaces for the specific purpose and the basic
construction of the PLC can be kept simple and low cost. The input modules are connected

to the PLC using a manufacturer specific slots or card modules, enabling expansion of the
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PLC's connectivity capability and at the same time offers almost unlimited capability of

implementing different IO configurations. (Walker, 2012)

5.2 PLC programming

The PLC runs on an embedded operating system and the application software is user
programmed using a programming tool and then uploaded to the PLC. (Morris, 2000) On
modern PLC platforms the program loading can be done over the IP network and no specific
programming hardware interface is needed. Control programs for the PLC can be written in
many different programming languages. (Petruzella, 2005) The programming languages are
standardized for easier interoperation between different manufacturers devices and
platforms. The IEC61131-3 standard provides the framework, but not all manufacturers have
full support for the listed programming languages. Besides the programming languages, the
standard also lists supported data types, variable and function types and specifications for

program organization and configuration. (SFS-EN 61131-3, 2016)
The programming languages listed in the standard are:

e Ladder Diagram (LD)

e Function Block Diagram (FBD)
e Structured Text (ST)

e Instruction List (IL)

e Sequent Function Chart (SFC)

The 3rd revision of the standard also includes object-oriented programming (OOP). Two of
the listed languages are textual and based on generic computer programming languages.
Instruction List is like Assembly language, which is a low-level language, and Structured
Text is like high-level Basic and Pascal languages. Two of the languages are graphical,
Function Block Diagram is based on electronic logic gate symbols and Ladder Diagram is
based on relay wiring diagrams. Fifth language on the list, Sequential Function Chart is

based on the internal organization of the PLC programs. It can be clearly seen that the PLC
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programming is based on either generic computer programming or on electronic design

workflow.

Selection of the programming language that will be used is based on two factors, the needed
application functionality, and programmers personal experience. The modern PLC
environments usually support all listed languages, and the PLC software can be implemented
also on a 3rd party development environment and then ported to the PLC. PLC program can

also include multiple sub-programs, each written in a different language to best suit the

purpose.

Beyond the theoretical structure and language selection, practical aspects of PLC
programming play a crucial role in the success of an automation project. In this thesis, the
development process involved iterative testing, debugging, and adaptation to real-world
conditions, such as handling unexpected user inputs and communication delays. These
challenges highlighted the importance of modular code design, clear state transitions, and
robust error handling to ensure reliable and safe machine operation. The experience also
demonstrated how vendor support and documentation can significantly accelerate problem-

solving during complex system integration.

5.3 Control system performance

The prototype machine will be using a servo drive unit manufactured by Beckhoff
Automation, model AX5203. The drive is a 2-channel unit, capable of driving 2 servo motors
simultaneously, with individual drive cycles or in synchronous drive. The drive contains
controllers for position, current and voltage. The position controller is P-type, current and
voltage controllers are PI-type. Operating frequency of the controllers is 16kHz for current
controller, 8kHz for voltage controller and 4kHz for position controller. The drive includes
several different types of connection interfaces for the motor position encoder. Supported

connection types and their specified data rates are in the table below.
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Table 1 Data connection interfaces

Interface Data rate
25Mbit/s
EnDAT

(endat.de)

. 10Mbit//s RS485

Hiperface )

(hiperfacedsl.com)
10Mbit/s

BiSS

(kuebler.com)

10Mbit/s RS422

Resolver
(beckhoff.com)
10MBit/s RS422
TTL encoder
(beckhoff.com)

If considering the basic task of transmitting the position information in full available
resolution and data rate from the servo drive to the PLC, 100Mbit/s network or field bus can
easily transmit the position information of less than 10 motors, depending on the selected
interface type. The data rate of these interfaces also is equal of exceeds the capacity of
several standard serial communication busses like RS232 or RS422. This condition alone
states the fact that the connection between the servo drive and PLC needs to be capable of
handling much more data than just the position information. This leads to the fact that higher
capacity field bus technologies need to be used to enable larger systems to be connected on
the same control network or bus. Since a single servo motor drive already can generate
enough data that cannot be transmitted over a simple serial bus, when including also real

time current, voltage and temperature measurements of the motor.
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5.4 Network based fieldbus

The industrial automation system market is very big globally, since it is covering all
industries and applications around the world. The global market size in year 2019 was
reported to be over 168 billion USD and expected to grow annually reaching 326 billion
USD by 2027. (fortunebusinessinsights.com, 2020) There are a lot of different
manufacturers and vendors offering products for the automation market, spanning from
single measuring sensors to complete integrated process automation solutions. Many
manufacturers offer a proprietary communication bus that will enable their devices to be
connected, forming a field bus connection between the devices. Some of the commercially

available field bus technologies and their marketing names are listed here:

e AS-I Interface

e Ethercat

e Profinet

e (Canopen

e Ethernet/IP

e Sercos-I1I

e (CC-Link

e FEthernet Powerlink
e Sercos the automation bus
e CompoNet

e Modbus

e SmartWire-DT

e DeviceNet

e [O-Link
e Ethernet
e Profibus
e Varan

(processindustryforum, 2022)

Since it is not always possible or feasible to implement an industrial automation system so

that all PLCs, measuring devices and actuators would be from the same manufacturer,
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especially in retrofit cases, there is a clear demand for a standardized communication
platform between different automation system units. The need has been met by International
Electronic Commission (IEC) that has standardized the field bus communication platforms
for industrial automation applications under the standard IEC61158. Many manufacturers
specific field bus technologies are in fact compliant with IEC61158, or the automation
devices can provide either a proprietary communication or the standardized version on the

same device. (IEC 61158)

5.5 State machine model

Finite-state machine is a mathematical model, describing an abstract machine that can be in
exactly one of a finite number of states at a given time. The machine can change from one
state to another state when given criteria is met based on inputs. Change from one state to

another is called a transition. (Wang, 2019)

Finite state machine model is applied to automation system analysis and programming as
one of the basic machine types. The theory basis for automation analysis is called Automata
Theory, which deals with the logic of computations in the scope of simple machines

operation.

The basic model of automata families is illustrated here:

Turing machine

pushdown automation

finite-state machine

combinational logic

Figure 15 Automata families (Stanford.edu, 2021)



47

6 Indexing table implementation

Major part of this work was to design and build a prototype machine. This part was done in
close co-operation with Genelec Oy. Genelec is the leading manufacturer of studio
monitoring loudspeakers and has its headquarters and factory in Iisalmi Finland. The
prototype machine was originally part of a concept, which described a process that can be
used for subjective, in-room loudspeaker testing. This included a pair of rotating changing
stations or carousel machines for loudspeakers, which is very similar to a generic indexing
table. The prototype machine was specified as a known mechanical load, based on the testing
arrangements and with a desired rotating speed and accuracy. Since the application is very
heavily audio centric, the noise level of the machines should be as low as possible. At idle
the machine needs to be fully quiet and while running, the generated noise level should not
exceed normal office background noise levels, when compared to the background noise of a
quiet measuring room. Ideally the machine should not make any sound at all, but this is
almost impossible to achieve, if the machinery is within the same room as the observer. The
machines will be operated in pairs, and they need to be transported from room to room

manually with a trolley.

6.1 Functional requirements

Before proceeding with the physical implementation of the prototype machine, it was
essential to define a clear set of functional requirements. These requirements served as the
foundation for both the mechanical and electrical design processes, ensuring that the final
system would meet the intended operational goals. The specifications were derived from the
practical use case of the machine in audio equipment testing, with particular emphasis on
performance, safety, and usability. The table below summarises the key technical parameters

that guided the design.
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Table 2 Prototype machine specifications

Specification Value | Unit | Note
Rotating time for 90° turn 1.0 |s stop to stop
Maximum payload 65.5 |kg distributed
Mains voltage 230 |V single phase
Acoustic noise at idle 0 dB noiseless
Acoustic noise while running 40 |dB | A-weighted

Functional requirements included mounting details of the equipment used in the testing,
portability of the machines and technical details of the cabling and power feed for the testing
equipment. Based on the specifications and after refining the concept, also manufacturing
specifications were present. The mechanics of the machines had to be based on off the shelf
parts and simple sheet metal and plastic parts, which required no CNC-machining. The
servomotor, gearbox, and servo drive electronics, along with the PLC control equipment had

to be based on commercially available components.

Additional requirement was the ability to run and route audio signals to the rotating machines
and a commercially available audio routing DSP unit was used, controlled by the PLC unit
to perform this task. The unit can route both analogue line level, balanced audio signals as

well as network-based IP-audio streams to the equipment during the testing.

6.2 Mechanical design

Based on the initial framework the mechanics were designed using Autodesk Fusion 360
and the author designed and built the entire machine, which resulted with two identical
indexing "tower" carousels, with mounting mechanics for the equipment for the testing. The

mechanical structure was based on precision cut aluminium rails and plastic sheet parts,
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which were possible to be cut to dimensions using hand tools. All joints were done using
nuts and bolts for easy assembly and possible modifications. Illustration of the prototype

machine, with the payload attached is available in the Appendix 1.

6.3 Electrical design

Both the servo motors and their drive electronics were selected from the offering of Beckhoff
Automation, along with the PLC control computer unit and its input and output interfaces
for 24V and network connections. Also, a dedicated safety input card was included, along
with a safety monitoring module as an option for the servo motor drive, which had two output

channels for two servo motors.

Audio routing DSP was selected to be from QSC-systems, based on their good reputation on
professional audio gear and on the fact that Beckhoff Automation and their programming
environment TwinCAT3 has a dedicated library for the network-based REST/API controls
used for the QSC-systems Q-sys control interface. Also, a network switch by Cisco was used
to form the IP-network needed for communication between the PLC and the audio DSP unit.
All electronics were built inside a steel cabinet, except for the audio routing DSP that was

mounted remotely to the machine frame, closer to the audio connection endpoints.

6.4 Motor sizing

Servo motor sizing was calculated using TwinCAT3 Motion Designer tool provided by
Beckhoff and results were then verified with manual calculations. The resulting total inertia
was then used as basis for the servo motor sizing calculations. The moment of inertia of the
machine total rotating mass was calculated using equation (5) and individual components of
the machine frame using equations (2), (3) and (4). Payload inertia was calculated as 4

individual point loads, using equation (1). Results are in the table below:



50

Table 3 Calculated inertia values

Machine part Inertia J Unit

Axel, plates, shaft, bearing 2131 kgem?
Payload, 4 point loads 227703 kgem?
Total inertia X 229834 kgem?

With this total inertia value and initially targeted inertia ratio of 5 the minimum moment of
inertia for the motor would be 229834 kgecm? / 5 = 45970 kgem? if no gearbox would be
used. There is no servo motor in the Beckhoff offering that would have large enough rotor
moment of inertia, to come even close to the target. The largest motor in the offering has

rotor moment of inertia of 66.1 kgem?. So, it was clear that a gearbox needs to be selected.

Calculations continued using the Beckhoff Motion Designer suite inside the TwinCAT3
software platform. Motion Designer allows the user to ballpark the motor selection based on
the entire servo motor, gearbox and servo drive catalogue. The process at this point was trial
and error experiments, until one or more target values were reached. Luckily, the Motion
Designer tool gives clear colour-coded results of the design parameters, such as torque,
nominal and maximum currents and inertia ratio. It became very soon clear that the servo
drive unit needs to be a unit that has 2 output channels, enabling single 230V single phase
power feed to be used. As the practical fuse ratings for single phase connections, preferably
with a standard power plug, is maximum 16A, this limits the dual motor output channels to
be either 3A or 6A respectively. The selection to use 230V was done initially to enable easier

operation of the machines in rooms were no 3-phase power is available on the wall.

Inertia ratio was initially selected to be 5, that resulted with the fact that driving the machine
directly with a commercially available servo motor would be impossible. This was then
resolved by adding a reduction planetary drive gearbox between the motor and the rotating

load.

Torque requirement for the 1.0 second duration of 90-degree turn was calculated based on

eq21 - eq24 to be 150Nm.
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Also knowing that the target motion profiles included only maximum 270 degree turns of
the load, the maximum output speed of the motor-gearbox combination could be selected to

be as low as possible, limiting the number of motor options to the slow rpm variants.

With this framework in place, the final selection was made so that the load side torque meets
the requirement and the inertia ratio was compromised to a value of 8.9, based on the known
mechanical behaviour of the prototype machine, that is a low friction, slow rotation
movement on a horizontal plane, meaning that no gravity induced forces cause torque on the
machine shaft, since the payload is not lifted up. This still is well below the manufacturers

and text-book value of inertia ratio below 10.

Results of the selected motor, gearbox and servo drive system calculations are in the table

below, that is a screen capture of the Beckhoff Motion Designer workspace:

Load Gearbox
Effective torque 150 Nm Effective torque 3,25 Nm
Max torque 160 Nm Max torque 3,77 Nm
Mean speed 15 rpm Effective torque load side 150 Nm
Max speed 30 rpm Max torque load side 160 Nm
Mean inertia 229834 kgem? @ Mean speed 750 rpm
Max inertia 229834 kgem? Max speed 1500 rpm
Mean power 22T W Mean inertia 94,3 kgcm?
Max power 476 W Max inertia 94,3 kgem?
Mean power 246 W
Max power 560 W
Motor Drive
Effective torque 3,59 Nm Channel nominal current 1,25 A
Max torque 4,14 Nm Channel peak current 144 A
Mean speed 750 rpm Device nominal current 1,25 A
Max speed 1500 rpm Device peak current 144 A
Mean power 2713 W —
Ei: Max power 614 W —~

Mean inertia ratio 89
Max inertia ratio 89

Figure 16 Calculated values.

To validate the suitability of the selected servo motor for the application, it was necessary to
examine the detailed technical specifications of the motor model chosen. These
specifications provide the foundation for calculating key performance parameters such as
torque, speed, and time constants, which are critical for ensuring that the motor can meet the
demands of the intended motion profile. The following table presents the relevant data for
the Beckhoff AM8552-F servo motor, which was selected based on the sizing calculations

and simulation results.
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Specification Value | Unit
Nominal speed 1100 | min-1
Nominal torque 7.8 Nm
Standstill current 33 A
Inertia J 10.6 | kgem?
Winding resistance Ra

8.5 Q
phase to phase
Winding inductance L

369 | mH
1kHz phase to phase
Torque constant Kt 2.48 | Nm/A
Voltage Constant Kg 167 mVmin

When motor is connected to the reduction planetary gear gearbox, that has gear ratio of 50:1,

the output values are:

Table 5 Motor and gearbox output specifications

Specification Value | Unit
Nominal speed 22 min-1
Nominal torque 390 | Nm

Equations (42) and (43) were used to compute the motor time constants, based on the

specifications outlined in Table 5.

Mechanical time constant;:
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__ RgJr _ 850-10.6-10"3kgem? _ 8.50-10.6-10 3kgcm?
" KeKr  0.167Vmin-2.48Nm/A  0.002783Vs/rad-2.48Nm/A

= 1.305s

Tm

Electrical time constant:

X L 36.9-1073H
Te =S == ="~ —434ms
R;s Ra 8.50

It can be seen from the calculated time constants, howa high performance, high rotor inertia
servo motor is built. It has a relatively small time constant, meaning the motor current will
rise quickly when voltage is applied. This enables more accurate and fast control to be
performed. The same motor has large mechanical time constant, because the structure of the
motor has been designed to have large rotor inertia. This type of motor speeds up slowly in
response to torque, meaning that it requires fair amount of torque to respond quickly and that
torque is available if the motor can be fed with enough voltage, that then in turn depends on

the capacity of the servo drive electronics and the feeding mains voltage.

6.5 PLC control programming

The PLC control and the safety emergency stop functionality were programmed in Beckhoff
TwinCATS3, using structured text programming language. This was selected mainly because
it was the most familiar for the author and also because many of the programming examples
and tutorials were done in structured text, which helped with the task. The programming
proved to be the most time-consuming part of the work, including resolving several technical
issues with the safety card and servo drive safety features, which were eventually resolved
with assistance of Beckhoff Automation and their customer support. The control is based on
state machine principle and the basic functionality is to order the needed machine position
using push button controls, after which the servo motors will drive two indexing towers to

the desired angle, commanded by a relative angle-based drive profile, and stopping there.
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6.6 Verification

The machines were put in real use right after completing the build and finalizing the PLC
programming and safety system debugging. During these initial runs the PLC control code
was modified to cope with user errors, some communication issues with the audio routing
DSP and to give more clear indications using LED lights on the pushbutton control. The
machine was loaded with maximum load and then ran repeatedly, while monitoring the
motor performance using the onboard diagnostics of Beckhoff servo drive and the

TwinCAT3 environment’s scope and plot functionality.

Servo motor tuning was tested by plotting out the machine position and torque values during
several complete drive cycles. Servo motor control and the tuning of the PID controller
proved to be a very easy task, since the selected motor and gearbox combination could easily
perform the needed motion profile and servo control tuning was spot on with the
manufacturer's default values, without need for more fine-tuning process to be implemented.
The initial values for the PID control were still calculated using the Beckhoff Motion

Designer tool.

Machine noise level and spectrum were measured in the normal operating conditions, using
a calibrated, omnidirectional measuring microphone and Room EQ Wizard measuring
software. Simple noise damping and isolation structure was tested, where the servomotor
and gearbox were enclosed inside a plywood box, filled with acoustic damping material.
During the measurements, the enclosing plywood box was then removed first from two sides
and then from all sides of the square frame cage surrounding the motor, leaving only the

damping material in place.

This experiment was done just to verify that how much of the noise generated by the motor
and gearbox are transmitted directly to air and can be enclosed versus how much of the
generated noise is conducted mechanically to the machine frame and thus cannot be enclosed
so easily. The method used is far from accurate or conclusive, but it did reveal some basic
findings that were also supported by the listening experience of the running machine noise.
Measurements are in the picture below, plotting noise level dBA vs frequency on a human

hearing scale of 20Hz to 20kHz:
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Figure 17 Noise measurements.

In the picture, the red graph is the noise floor of the room, dark blue is fully enclosed machine
frame, light blue graph is 50% enclosed machine frame, the cyan graph is fully open machine

frame with damping material and green graph is the RMS average of the measured graphs.

Based on the measurements, the fully enclosed machine frame generated highest noise levels
and by removing the enclosure the noise levels go down. This supports the assumption that
most of the generated noise is mechanical vibrations from the gearbox, that then
mechanically conduct to the machine frame structure. Highest peaks at 170Hz, 600Hz and
1kHz are most likely caused by resonant frequencies of the machine frame aluminium profile

structure.

Also, a higher peak at 16kHz can be seen, that is the switching frequency of the servo drive
power electronics, and these have lower harmonics at 8kHz too. These frequencies are
emitted by the motor stator winding via the motor housing, which is fully sealed design. In
general, the motor and machine noise is clearly wideband, between 100Hz to 4kHz. The
fully open design was then selected as the final solution, with only damping material inside
the machine frame. With this structure, the overall noise level of the machine is lower than

40dB on top of the noise floor of the room, fulfilling the design goal.

6.7 Conclusions

This thesis primarily focused on calculating and sizing a servo motor system for a known

mechanical application. The sizing process was conducted using commercially available
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tools, and the results were evaluated based on the theoretical background. In addition to the
selection of the motor and servo drive, a prototype machine was constructed, and the control

and safety systems were specified and programmed on a PLC platform.

The most significant finding and the greatest contributing factor to the overall cost of the
system was the motor-load inertia ratio and the selected target for desired acceleration
performance. The selection of the inertia ratio is always a trade-off between motor size and
cost versus the achievable positional accuracy in load control. A smaller motor is less

expensive but typically results in poorer positional accuracy.

Another key finding was that the selected 230V mains voltage posed a major limitation on
the motor performance. While many commercially available servo motor drives can operate
with a single-phase power supply, this significantly limits the voltage available to the motor.
Most motors are rated for 400V operation, and thus the resulting output torque is reduced
from nominal values due to the lack of sufficient operating voltage. In the context of this
work and the prototype machine, the mains voltage was selected based on operational

requirements, and this decision proved to be appropriate.

Applying the basic principles of servo motor sizing may appear to be a straightforward task,
as many motor manufacturers provide readily available selection and calculation tools.
Often, motor selection is integrated into the sales process. However, for an engineer and
machine designer, it is essential to verify the accuracy of the provided data and to understand

how to prioritise these values for the specific project.

In this project, selecting the servo motor based solely on torque calculations and basing those
calculations on the motor’s nameplate values would have resulted in a machine with poor
controllability. Achieving the target inertia ratio was the most challenging aspect, and it
would have been tempting to compromise on the specified performance by lowering the
target ratio to reduce motor costs. Fortunately, this compromise was unnecessary, and the

resulting performance fully met the specified targets.

Although the mechanical design and construction of the prototype machine consumed a
significant portion of the overall project time, these tasks have been excluded from the scope
of this thesis. Nevertheless, they were a critical and integral part of the project, conducted in

close co-operation with Genelec Oy.
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The key findings of this work highlight that mechanical considerations dominate all aspects
of machine design. The movement of the payload requires motor power and torque, and the
machine’s construction must effectively transmit these forces to the load. If the mechanical
structure is not robust, it is impossible to scale the powertrain effectively. An engineer
responsible for servo motor system sizing must possess a comprehensive understanding of
machine dynamics. Another important insight is that supply voltage is not a fixed constraint;
it is a design parameter. A solid understanding of motor voltage requirements and their

impact on torque generation is essential to achieving satisfactory performance.

The prototype indexing table machine performs exceptionally well and tuning the control
system was both quick and straightforward, thanks to the appropriately sized motor and
servo drive. Also, reliability of the PLC control has proven to be fault free and it tolerates
user errors without causing safety concerns. Same applies for the network-based control
architecture, which is running smoothly and recovers after power down without any user
actions. Also, the noise level of the machine is well in line with the target and thanks to
clever programming, the machine is completely quiet at idle. This was achieved by disabling

the servo drive during machine stop condition, cutting off the switching frequency noise.
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Appendix 1. Pictures of the machine

Machine 3d design rendering

Ready machine in use (Genelec Oy)



