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ABSTRACT

This thesis deals with permanent magnet synchronous machines. Special attention is
paid to machines with an outer rotor. The first part describes the losses occurring in the
machine, their distribution, and subsequent analysis. Then the heat transfer mechanisms
are described, with a description of their application in the field of electrical machines.
Among other things, this work focuses on methods suitable for the optimization of heat
network parameters. These methods are further applied to the optimization mentioned
above of these parameters. The results of calculations obtained using the previously
mentioned optimization methods are evaluated and compared with measured data in the
last chapter. These results are compared in terms of approximation to the measured
data, computational time, and computational effort.

KEYWORDS

Cooling methods, losses analysis, methods of optimization, optimization of parameters
,outer rotor machines, thermal model, thermal network

ABSTRAKT

Tato prace se zabyva synchronnimi stroji s permanentnimi magnety. Zvlastni pozornost je
vénovana strojim s vnéjSim rotorem. V prvni Casti jsou popsany ztraty vznikajici ve stroji,
jejich rozdéleni a nasledna analyza. Dale jsou zde popsany mechanismy prenosu tepla, s
popisem jejich vyuziti v oblasti elektrickych stroji. Mimo jiné je tato prace zamérena i na
metody vhodné pro optimalizaci parametrii tepelné sité. Tyto metody jsou dale pouzity
pro jiz zminénou optimalizaci téchto parametrl. V posledni kapitole jsou zhodnoceny
vysledky vypoctl ziskanych s vyuzitim dfive uvedenych optimalizacnich metod a jejich
porovnani s namérenymi daty. Tyto vysledky jsou zde porovnany z hlediska priblizeni se
namérenym datlim, vypocetniho Casu a vypocetni narocnosti.

KLICOVA SLOVA

Zpusoby chlazeni, analyza ztrat, optimalizacni metody, optimalizace parametri, stroj s
vnéjsim rotorem, teplny model, tepelna sit



ROZSIRENY ABSTRAKT

Tato diplomova prace se zabyva tepelnym modelem synchronniho stroje s perma-
nentnimi magnety a vnéjsim rotorem. Pro spravné sestaveni tepelného modelu je
nutnd analyza ztrat stroje. Tyto ztraty generuji teplo v oblastech jejich vzniku.
Vzniklé teplo je nutné odvadét mimo stroj a to bud do jeho okoli nebo do ostatnich
casti soustavy, ve které je tento stroj pouzivan. Sestaveny tepelny model zohlednuje
oblasti, ve kterych dochazi ke generovani téchto ztrat tak, aby odpovidal vlastnos-
tem analyzovaného stroje.

Prvni kapitola se zabyva rozdélenim synchronnich stroji do jednotlivych skupin
podle konstrukce. Hlavnimi skupinami synchronnich stroji jsou cizebuzené syn-
chronni stroje, reluktan¢ni synchronni stroje a synchronni stroje s permanentnimi
magnety. Déle je zde popsan obecny princip funkce synchronnich stroji véetné ek-
vivlantniho obvodu a fazorového diagramu.

V druhé kapitole jsou popsany jiz zminéné ztraty elektrického synchronniho
stroje. Jejich rozdéleni principy vzniku jednotlivych typu ztrat a zptsob jejich
vypoctu. Jelikoz je déle v této praci analyzovan stroj s nomindlnimi otackami
7500 min~! jsou v této kapitole uvedeny i mechanické ztraty, véetné zptisobu je-
jich vypoctu.

Treti kapitola se dotykd tématu prenosu tepla. Jsou zde popsany jednotlivé
mechanismy jeho pfenosu vcetné zptisobu chlazeni elektrickych stroji. V ramci
popisu chlazeni jsou popsany zptisoby, kterymi je mozné modelovat tepelny odpor
konvekci a vzavislosti na otackach rotoru. Tento zptisob je zde uveden, jelikoz
analyza tohoto typu prenosu tepla je velmi komplexni. Zaroven se jedna o nezaned-
batelny zpusob, jakym dochézi v toc¢ivych strojich k prenosu tepla. Jednotlivé typy
zavislosti jsou zde graficky zobrazeny v zavislosti na otackach.

Nasledujici kapitola popisuje metody, které jsou pouzity pro optimalizaci parametrii
tepelného modelu analyzovaného stroje. Tyto metody umoznuji optimalizovat model
stroje tak, aby co nejvice odpovidal realité. Diky optimalizovanému modelu stroje
je mozné matematicky ovérit pripadné zmeény provedené v jeho navrhu a to bez
nutnosti vyroby velkého mnozstvi laboratornich vzorkii.

V paté kapitole je popsan analyzovany stroj. Jeho jmenovité parametry, oblast
ve které je tento stroj provozovan a teploty namétrené pri definovaném duty-cyclu.
Déle je zde uvedena tepelna sit tohoto stroje.

Sest4 kapitola popisuje praktické pouziti optimaliza¢nich metod a graficky zna-
zornuje jejich vysledky v porovnani s mérenymi teplotami. V neposledni radé také
uvadi vstupni data pouzité v jednotlivych metodach. Déle jsou zde uvedeny matem-
atické filtry pouzité pro tpravu vstupnich dat.

Posledni kapitola se zabyva porovnanim vypoctenych dat s namérenymi.
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Introduction

Synchronous machines (SMs) are universal machines to alternating-current (AC).
Moreover, the role of synchronous machines is increasing in the industry nowadays.
It is because it is used for motor drive applications and thanks to the development
of power electronics.

Synchronous motor drives are also used in systems requiring high power, such as
ventilator systems, large pumping stations, or big ship propulsion systems. Salient-
pole or non-salient pole machines for these applications are usually used. Non-salient
pole machines are used for high-speed applications like pumps, and salient pole ma-
chines are used for low-speed applications like the pressers. Another reason for their
frequent use is the continuous capability to compensate for the reactive power.

Currently, synchronous reluctance machines are more used thank capability to
replace induction machines or drives with synchronous machines and inverters in
commercial applications. These machines connect the capability of induction ma-
chines starting without an inverter and synchronous machine torque-speed charac-
teristic and efficiency into one compact synchronous reluctance machine.

Permanent magnet synchronous machine with outer rotor is suitable for fan
applications in the low-cost segment. Because the low prize its using is very eco-
nomical. Nevertheless, these machines must be designed to maximal using utility.
That means over-dimensioned machines are not economic, but under-dimensioned
machines have a very short lifetime. So the right dimensioning is very crucial.

A properly designed thermal network is a very powerful tool for machine de-
signing. For the right dimensioning, it is crucial to estimate temperatures in the
machine. It is possible to estimate the temperatures by using the LPTM (lumped
parameters thermal network). One of the LPTN optimizing ways is the so-called
genetic algorithm. This algorithm is described and used in this thesis.

Even the suitable dimensioned machine, in some cases, needs thermal control-
ling. One of the temperature monitoring ways is thermal sensors using. This way
is especially in the low-cost sector disadvantageous. It is because evaluating the
sensors and, in some cases, adapting the machine for the sensors is needed. So it
is useful to use the real-time modeling of the machine’s temperatures. This way of
temperature control is cheaper and does not need any thermal sensors and adapting
of the machine for these sensors.

The real-time modeling needs only inputs and DSP (digital signal processor)
for temperature computing. The DSP uses only mathematics for temperature esti-
mation. There are, of course, several ways of the mathematical estimation of the
temperatures used by the DPS. One of these ways is to optimized LPTN, and the

other is, for example, a decision tree. The named methods are used in this thesis.
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1 Synchronous machine

This chapter describes the principle, construction, and division of the synchronous
machine family. This thesis is focused mainly on a permanent magnet synchronous
machine with an outer rotor. It is because the goal of this thesis is analyzing of this
type of machine.

The family of the synchronous machines is shown in the picture [I.I} There are
three main categories of synchronous machines in this picture. These categories are

based on the ratio of quadrature axis (q-axis) and direct axis (d-axis) inductances. [I]

Synchronous machines (SM)

N

Synchronous Permanent magnet
Separately ! h
excited (SM) reluctance synchronous
machines (SyRM) machine (PSMS)
Salient [|Non-salient PMSM PMSM
pole pole with with
saliency non-saliency
. Permament
Classic .
SYRM magnet assisted
Y (PMaSyRM)

Fig. 1.1: Categorization of synchronous machine types

According to [I] the categorization of the two-axis electric machine is commonly
used. It is because describing the machine’s behavior to the two magnetic orienta-
tions is often very convenient. Usually, in the synchronous machine is a magnetic
reluctance minor in the d-axis. That means the main part of flux is concentrated
in this axis. On the other hand, on the g-axis synchronous machines have much
more considerable magnetic reluctance than on the d-axis, so the magnetic flux is
very low. Magnetic reluctance in the d-axis and g-axis might be same in some cases.
Visualization of these axes can be seen in the figure where parts a) and b) are
examples of permanent magnet synchronous machines with saliency.

Reluctances in the g-axis and the d-axis are almost same in non-salient syn-
chronous machines. That means there is no difference in the influence of the quadra-
ture and direct magnetic flux, and therefore it does not matter the actual position of
the stator and rotor. [2] Example of the machine types with an inner rotor is shown
in part ¢) and with the outer rotor in the part d) of the figure

15



d-axis Rotor of PMSM with silency

q-axis g-axis

Rotor of PMSM with non-silency )
d-axis d-axis

q-axis d) q-axis

Fig. 1.2: Examples of permanent magnet synchronous machines rotors

1.1 Construction of synchronous machine

Synchronous machines consist of two main parts. These parts are the stator and
rotor. The stator is a static part of the machine and consists of a frame, iron core,
and winding. [3]

The iron core consists of two parts which are called yoke and teeth. This iron
core is almost always divided into the stator plates. Dividing one massive part
of the material into the many little sheets decreases eddy current losses. [I] The
construction of stators is principally same in all types of synchronous machines.
Only in the case of outer rotor synchronous machines is the stator located in the
rotor and consists of the iron core and winding. A mounting flange replaces the
frame. [4] These types of stators are shown in the picture

16



Frame

Winding

Yoke

Stator of inner rotor machine Stator of outer rotor machine

Fig. 1.3: Types of synchronous machine rotors

1.1.1 Permanent magnet synchronous machine with inner rotor

The rotor construction is based on the type of synchronous machine. In separately
excited synchronous machines, the wounded laminated rotors are used. Examples
of these rotor types are shown in the figure [[.4] In synchronous reluctance ma-
chines, the same laminated rotors are used in the field of separately exciting syn-
chronous machines. Nevertheless, these rotors are unwounded, and some rotor teeth
are removed. These unwounded rotors are shown in the figure In rotors of
synchronous reluctance machines might also be used permanent magnets. These

magnets are usually placed in the grooves. The construction of this type of rotor is
shown in the figure 7]

Winding

Removed teeth Permanent magnets

a) Salient pole SM b) Non-salient pole SM  ¢) Classic SyRM d) PM assisted SyRM

Fig. 1.4: Examples of separately excited and reluctance synchronous machines rotors
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1.1.2 Permanent magnet synchronous machine with outer rotor

In this thesis, the primary attention is paid to permanent magnet synchronous ma-
chines with an outer rotor. An example of this type of rotor is shown in the figure[1.2
d). In the figure the cross-section of the permanent magnet synchronous ma-
chine with the outer rotor is shown. This picture shows how the main parts of this
machine are situated. Rotors used for this machine are not laminated but made
from one material piece and look like a bell around the stator. This phenomenon is
typical for all outer rotor machines.

The main benefits of outer rotor machines are high torque density, high output
power, high efficiency, better rotor cooling, and an extensive speed range. On the
other hand, the disadvantages are the large outer diameters of the machine, the ec-
centric load of used bearings, and worse stator cooling. These properties predispose
this type of machine for use as wind generators, machine tools, fans, wheel drives,
and so on. [5], [6]

Mounting flange | | | "
—/ ]/[/ }/—_——— Winding
Stator yoke/
s o
Bearings /'/ 1 Shaft
e o
[
Stator fixture — | J
|: :| Rotor yoke
I

Fig. 1.5: Cross section of PMSM with outer rotor

1.2 Principle of synchronous machine function

The unique properties of all types of synchronous machines in steady-state are that
the rotor’s rotating speed and the spinning magnetic field produced by stator wind-
ing are the same. This phenomenon is called synchronous speed, which is why this
group of machines is called synchronous machines. Synchronous machines can work

in both generators and also motor mode.

18



1.2.1 Equivalent circuit of PMSM

Equivalent circuit of permanent magnet synchronous machines helps us understand
its behaviour. Equivalent circuit shown in figure [1.6] is based on the equations for
voltage in g-axis and d-axis. These equations are in the rotor reference frame in the

following familiar form for the stator. [I] Voltage in the d-axis is defines

d
g = Ryiq + ftd — ity (1.1)

where R, is stator resistance, iq is current in the d-axis, 14 is flux linkage in the
d-axis, ¢ is time, w, is angular velocity of rotor and 1), is flux linkage in the g-axis.
The voltage in g-axis is defined by equation

d
Uuq = Ryiq + C;i“ + witha, (1.2)

where i is current in the g-axis.

) Yy .
ia R - —g + L Ipm

A ipM

Fig. 1.6: Equivalent circuit of permanent magnet synchronous machine

Equivalent circuit of the both axis shows stator resistance R and stator leak-
age inductance Lg,. In the d-axis is shown magnetizing inductance L,,q, damper
resistance Rp and damper leakage inductance Lp,. The permanent magnet is rep-
resented by a current source ipy;. The equivalent circuit in the g-axis shows magne-
tizing inductance L,,q, damper resistance Rq and damper leakage inductance Lq,-.

If the damping winding is included then according to [7]

d
0 = Rqiq + :ftQ, (13)

19



where 1q is the damper winding flux linkage in the g-axis.
g = Lmqtq + Lqlq, (1.4)
where Lq is total damper inductance in the g-axis and is defined as
Lg = Liyg + Lqo- (1.5)

In the d-axis are damper winding equations

‘ d
0= RDZD -+ ;ptD (16)

where ¢p is damper winding flux linkage that can be calculated as

Yp = Liaia + Lpip + Ypu, (1.7)

where 1py; is permanent magnet flux linkage and Ly is the total damper inductance

in the d-axis and may be calculated as
Lp = Lypa + Lp,. (1.8)

The virtual current produced by a permanent magnet is

Yrm

= (1.9)

IpM =

The virtual current is not constant because magnetizing inductance L4 depends

on the saturation. Stator flux linkage in the g-axis is
g = Lglq + Linglq (1.10)
The stator flux linkage in the d-axis is
Ya = Laia + Lmaip + ¢Ypm (1.11)
The product of stator flux linkage in the g-axis and d-axis is the total stator flux

s = /U3 + U3 (1.12)

The power factor of a permanent magnet synchronous machine can be written as

linkage

udid + quq
usis

cos p = (1.13)

20



1.2.2 Phasor diagram of PMSM

The phasor diagram of non-salient permanent magnet synchronous machine is same
for outer rotor and also for inner rotor machine and is shown in the figure [1.7]
This diagram shows example of one phase of machine and it is constructed in pu.
Parameters of the machine are: wy = 1 pu, us = 1 pu, ix = 1 pu, s = 1 pu,
tq = 0.24 pu in the negative direction, that means, the machine is operating in light
field weakening. The inductances are Ly = Lq = 0.5 pu, resistance is neglected and
rotor position angle is 6, = 40° measured from the x-axis to d-axis, in which ¥py; is
located. The stator reference frame is xy and the rotor reference frame is dq.

4 Lai

y
Lii

5, s W

id

Fig. 1.7: Phase diagram of permanent magnet synchronous machine

In this diagram, the ds is the load angle, the ¢ is the angle between current and
voltage and is used to power factor calculation cos ¢, and the 7 is the current angle
measured between d-axis and stator space vector.

The ~ angle is beneficial for deriving the machine's torque. This angle can be

calculated as

7 =90° 4 05 — . (1.14)
The equation of g is
s COS O
Js = arccos o =, (1.15)

where 1 cos d; is equal to 14 and for its calculation can be used to phasor diagram
in the figure From this diagram it can be seen, that the equation for 14 is

g = 15 cos b5 = ws2 - (Lqiq>2a (1'16)
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where

iq =12 — 3. (1.17)
From the diagram, the ¢ is
p=a-p, (1.18)
where ,
2q
Q= arccos —. (1.19)
ls
The g is also from diagram
B =90° — b. (1.20)

1.2.3 Torque of PMSM

Synchronous machines generate high torque, that can be according to [7] derived

from

P
T, = —, 1.21
- (1.21)
where P is the power of the machine and can be calculated as
P = ugis cos p. (1.22)

The angle ¢ is equal to ((§ + ds) — 7). Therefore
P = ugig cos <(72T + 55) — 7). (1.23)

Then the next equation can be derived by the goniometric formula sin(z) = cos (x -

NIE

P = ugig cos ((;T + (5S> — 'y) = uglgsin (7 — ). (1.24)

After using sin(z —y) = sin(x) cos(y) — cos(x) sin(y) the equation can also be written
as

P = ugigsin (7 — ds) = usis(siny cos ds — cosy sin dy). (1.25)
Figure reveals that

iq = 15 COS 7Y, (1.26)

iq = 1ssin-y, (1.27)

Ug = —UsSin 0y = —wsLyiq, (1.28)

Ugq = —Us €08 0 = ws(Ypm + Laia)- (1.29)

By using equations the pu power factor can be expressed as

Ly—L
P::ws¢@Mgan7—¢§mn27< 5 d)]. (1.30)
The final torque formula is
P L,—L
T, = — ziﬂpMissinfy—izsin?y( 1 5 d) : (1.31)
Ws
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2 Losses in permanent magnet synchronous
machine

This chapter is focused on all types of losses generated in permanent magnet syn-
chronous machines. The two most important types of the losses are iron and copper
losses. The copper losses become dominant when the machine is loaded; usually,
on the other hand, the magnetic losses are dominant when the machine is in the
no-load condition. The mechanical losses are normally a minor part of total losses.
Only in the case of the high-speed machines are dominant. [9]

If the PWM is used to supply the permanent magnet synchronous machine, then
according to [9] the PWM losses can not be neglected. These losses might represent
almost one-third of total stator no-load magnetic losses.

Separation, accurate evaluation, and region of the loss excitation are essential
parts of the thermal analysis. It is because all losses generate heat in the parts of
the machine where they are generated. The individual types of machine losses are
shown in the figure

Ps

P

'
'
]
]
]
]
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]
]
'
'
3

APmech

APCu

Fig. 2.1: Machine loss dividing

Total losses generated in machines can be defined as a summary of partial losses.

That means total losses might be calculated as
APtot - APCu + APmag + AProt + APrnecha (21)

where AP, are stator copper losses, APmag are stator magnetic losses, AP, are

rotor losses and AP, are mechanical losses.
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2.1 Stator copper losses

Stator copper losses are losses generated in the stator winding. The winding is an
significant source of loss in the electrical machine. In the [8] are presented that

copper losses in the three-phase machine can be calculated as
APcy = 3Ryl (2.2)

where Ry is the DC resistance of each phase and Iy, is the phase current. The
accuracy calculation of this loss type looks very simple at first sight, but it is not.
It is because the DC resistance Ry, is temperature-dependent, which means with
increasing temperature, this resistance increases too. Changing this resistance is

according to [§] defined by
Rph,n = Rph,O (1 + OéCuAT) s (23)

where Ry, is the new phase resistance, Ry o is the phase resistance at the reference
temperature (usually it is 20 °C), a, is the temperature coefficient of resistance (=~
0.0042 K=1) and AT is (Tphn — Tpho)-

This temperature dependence of resistance proves how much the thermal and
electromagnetic analyses depend on each other and how necessary the use of cooling
is in the machines. However, this is not the only factor affecting the machine’s
copper losses. In the [9] have been described two more effects that influence losses
in the stator winding. These two effects are the skin effect and proximity effect. The
skin effect arises due to eddy currents generated in the center of the conductor. The
proximity effect is a similar phenomenon but created by the current flow in other
conductors in the same slot.

Both proximity effect and skin effect influence the distribution of the current
densities in the conductors of winding. That means both effects can change the
AC resistance of the wires and the corresponding losses in high-frequency electrical
machines. These effects might be reduced by dividing conductors into electrically

isolated parallel smaller ones.

2.2 Stator magnetic losses

In this section, the separation of magnetic losses into different losses types is de-
scribed. These types are hysteresis, eddy current, and excess losses. The separation
of iron losses into these types simplifies this complex physical phenomenon. Total

stator magnetic losses are the result of a summary of these separated parts.

APmag = APhys + APeddy + APexa (24)
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where AP,y are hysteresis losses, A Peqqy are eddy current losses and AP,y are excess

losses.

2.2.1 Hysteresis losses

According to [9] the hysteresis losses in homogenous material with purely sinusoidal

excitation can be calculated as
A]:)hys = kthSv (25)

where ky, is experimental coefficient, f is frequency, B, is amplitude of the flux
density and « is experimental coefficient.

A combination of used experimental coefficients in (2.5)) makes the accuracy of
calculation worse in the whole range of flux densities. More accurate results are the

reason why [10] apply different coefficients for each range.

2.2.2 Eddy current losses in a laminated material

Several methods might analyze eddy current losses in laminated material. These
methods are analytical or based on FE (Finite element method), and the losses
might be calculated directly or in the post-processing. In this thesis, some of these
methods are described.

The analytical method calculation is according [11]
Apeddy = keszfnv (26)

where k, is eddy current coefficient. The k. is according to [11] defined as

ko = m2d?V
6p

: (2.7)

where p is the resistivity of the material and d is thickness of lamination.
One of the 2D-FE methods is an estimation of eddy current losses in the time
domain which is usually used in the post-processing stage. Evaluation of eddy

current losses by this method is based on the equation

1 d> (T
APeddy = T12,0/0

2

dB
dt, (2.8)

dt

where T is period, and B is flux density. This equation does not consider the
orthogonal components of flux density, but the final flux density vector consists of

two orthogonal components that can be defined as

B = B,X + By, (2.9)
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where By is x-axis flux density component, X is unit vector, By is y-axis flux density
component and ¥ is unit vector. After time derivation amplification of the absolute

value of equation [2.9) can be written as
.12 ] - 92
Bl =B+ B, (2.10)
This equation proves that total eddy current losses are equal to the sum of eddy
current losses due to their orthogonal components.

It is described in [I2] that finite element software gives the flux density data

within the Cartesian plane. The components of the flux density can be calculated

B\ [ cos(f) sin(0) B,
( B@) a ( —sin (6) cos(6) ) ( By ) ' (2.11)

where B, is radial component of flux density, By is peripheral component of flux

as

density 6 is angel between the B, vector and positive x-axis in the xy plane. Total
eddy current losses in the iron volume, in the discrete-time domain and taking into

account components of the flux density are according to [13], [10] defined as

d2 1 M BE+1 _ pgk\? B+l _ gk 2
AP, = Ked=— — = it A—A 2.12
eddy,tot ked 12,0 re N Z { < At > + < At > d'U, ( )

P k=2

where keq is eddy current loss coefficients, the N, is the number of time steps per

period.

2.2.3 Excess losses

Excess losses represent the non-uniform distribution of magnetization across the
lamination. The ratio of non-uniform distribution depends on the presence, orien-
tation, and size of the magnetic domains. Every domain does not have the same
orientation, which makes the concentration of eddy currents higher. The larger size
of the magnetic domains also negatively influences the excess losses. [14], [9]

The excess losses are according to [9] defined as
APy = kex(fBu)?, (2.13)

where ke is the coefficient determined by curve fitting for the used material.

2.3 Rotor losses

In permanent magnet synchronous machines, the rotor losses are produced by slot
harmonics, time harmonics, and space harmonics. The rotor losses reduce the effi-

ciency of the machine and increase its temperature. The too high temperature of
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the rotor might bring demagnetization of permanent magnets used in this machine
type.

If the permanent magnet synchronous machine is well designed, the rotor losses
are, according to [7] insignificant and do not affect the efficiency. That means the

rotor losses might be neglected in this type of machines.

2.4 Mechanical losses

Mechanical losses in permanent magnet synchronous machines consist of bearing
friction losses and gas friction losses. These two parts of mechanical losses are

described below.

2.4.1 Bearing losses

Bearing losses might be calculated by tools provided by the manufacturer or by
applying empirical formulas. According to [I5] the formula usable for mechanical

losses is
Pb = O.5Cbedbw, (214)

where Cf, is the contact coefficient of friction, F' is the equivalent dynamic bearing
load, dj, is bearing bore diameter and w is the angular frequency of the shaft. The
F' can be calculated from the radial and axial components of the bearing load.

Another way of calculating bearing mechanical losses is according [16]

n
By = 0.06kmm: o (2.15)

where kg, is equal to 1+-3 m?/s? and its value depends on the bearing specifications,

m, is the mass of the rotor and n is the speed of rotor.

2.4.2 Gas frictional losses

The product of rotor movement and gas flow in the machine is the gas friction losses.
In the figure are shown, all free types of flow. These types are according to [17]:
« Tangential flow generates by rotation of the rotor
o Axial flow generates the flow of cooling gas through the air gap

o Taylor vortices, due to centrifugal forces
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Fig. 2.2: Flow origins

Moreover, the fluid flow in the machine might be divided into laminar and turbulent.
This division is based on the ratio of inertia and viscous forces.
The power losses due to gas friction in the air gap of the rotating rotor, which

is modeled as a rotating cylinder, can be according [7] expressed as

s,in"»

1
AP, = 1—6kr00f717rpw3D4 L (2.16)

where £, is roughness coefficient of material (for smooth material is equal to 1), C¢,
is the friction coefficient, p is the density of the coolant, Dy, is the outer diameter
of air gap, and L is the rotor length.

The turbulence indicator in the air gap is the Couette Reynolds number. This

number is according to [17]
pWDs,in6

2p
where ¢ is the air gap thickness and p is the dynamic viscosity of the coolant.

Res = (2.17)

The friction coefficient is the function of Couette Reynolds number and according

to [7] is expressed as

(3"
C1 = 5w pro Re; < 64,
S5
(&)
Cip = Ko pro 64 < Res < 500,
(2.18)
s 0,3
Ciy = 0,515§{220,5 pro 500 < Res < 10,

(8)™
Ciy = 0,0325~25  pro Res > 10%.

Res2:2

The power losses generated by rotor end rings can be according to [I7] expressed as

— D?), (2.19)

s,in

1
AP, = @C’ﬁﬂpw?’(D?
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where Cfy is the friction coefficient and D, is the rotor diameter.
In the case of the end rings region, the Couette Reynold number can, according

to [I7] be calculated as
D=,
Re, = 2 7sin. (2.20)

The friction coefficient is according to [17] is defined as

Cra = 255 for Re, < 3-10°,
(2.21)

Cro = 2139 for Re, >3- 10°.

Rer0,2
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3 Heat transfer

Thermal analysis is a crucial part of electrical machine design. Three mechanisms of
heat transfer (convection, conduction, and radiation) are described in this section.
These methods describe thermal transfer from warmer regions to the cooler regions

of the machine.

3.1 Conduction

In solid materials, conduction is the major mechanism of heat transfer, this mech-
anism is also in the fluid materials, but the quantity of transferred heat is minor.
That means that the conductive heat transfer is insignificant in the fluid materials
and can be neglected.

Thanks to the high thermal conductivity of metal materials extensively used in
electrical rotating machines, the mechanism of conduction is very extended. The
quantity of transferred heat depends on the geometry and properties of the material.

The transferred heat can be according to [18] expressed as

T -1

Qcond =S d )

(3.1)

where A is thermal conductivity, T} is the temperature on the one side of a solid,
and T} is the temperature on the second side of the solid and d is thickness of the

solid. The difference in temperatures can be written as
AT =T, — Ts. (3.2)

Heat flux through the simple plane wall, which is shown in the figure is according
to [19], [20]

q=Q5s, (3.3)
where the ¢ is heat flux which is defined as
AAT
¢=—7 (3.4)

The thermal resistance of a single plane wall can be expressed as

AT
RT - 6
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Fig. 3.1: Heat transfer through the plane wall

The situation of heat transfer through the cylindrical wall in the radial direction
is shown in the figure 3.2 Heat flow through the simple cylinder in the radial
direction is in the [21I] defined as

B 2w LAT

Q= (3.6)

12’
/\lmr1

where L is the length of a cylinder, r; is the inner radius of the cylinder, and ry is

the outer radius of the cylinder. The thermal resistance of the cylinder in the radial

n ()

direction can be calculated as

Rcond,cyl = 2N (37)
The thermal resistance of a solid bar in the radial direction is defined as
Reondbar = — (3.9)
cond,bar — ST . .

Fig. 3.2: Heat transfer in the cylinder and cylindrical bar
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3.2 Convection

Convection is the main mechanism of heat transfer in fluid materials. This mech-
anism helps transfer heat from solid bodies into the ambient fluid. The primary
condition of effective cooling by the fluid is the movement of that fluid. If the fluid
is static, there is only conduction heat transfer in it. However, fluids do not have
good conduction. [I8]

According to [I8] there are two types of heat transfer by convection in the fluids.
These types are natural convection and forced convection, and they are described
in this section. Heat flow of convection heat transfer is according to [18] defined by
the formula

Qeony = hSAT, (3.9)

where h is the heat transfer coefficient. This coefficient can be according to [22]

defined as
NuA

L.’

where L. is the characteristic length and N, is the Nusselt number.

h

(3.10)

The Nusselt number tells how much better is heat transfer of moving fluid than
heat transfer of static fluid. That means a higher value of this number describes the
higher heat transfer efficiency. If the Nusselt number is equals to 1 only conduction
heat transfer takes place. That means the fluid is still.

The convection thermal resistance is according to [20] defined as

1

Reony = = 3.11
3 (3.11)

3.2.1 Natural convection

This type of convection is characterized by spontaneous generation of it. This spon-
taneous flow is a consequence of temperature differences through single parts of the
fluid [19]. In electrical machines, natural convection takes place only in very few
cases. Usually, it is considered only during the cooling of the machine’s frame into
the ambient fluid.

Visualization of the natural convection is shown in the figure [3.3] The principle
of natural convection is that cold air flows downwards. There the warm solid heating
up this cold fluid. This fluid cools down the solid and heats itself. Then the warmed
fluid rises. If this solid is placed in some closed container, the vortex is generated
there. [18)]
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Fig. 3.3: Natural convection

3.2.2 Forced convection

External forces generate forced convection. Its advantage is the much better cooling
efficiency. This type of convection is usually used in electrical rotating machines. [18].
In electrical machines, it is always used in the inner parts of machines.

The example of generation of the forced flow is shown in the figure The fan
blows the cold fluid towards the hot solid. This hot solid is cooled into the fluid and
heats it. The warmer fluid continues in the same direction as the cooled fluid before

heating. This type of convection is more efficient than natural convection.
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— —_— —
— R
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Fig. 3.4: Forced convection

3.3 Radiation

The radiation transfer of heat is based on electromagnetic radiation. Solids around
temperatures about 500-560 °C generate radiation in the infrared part of the electro-

magnetic spectrum, and solids with higher temperatures generate radiation in the
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visibility part of the spectrum. Every solid with a higher temperature than absolute
zero generates the radiation. [19], [21]

Because the radiation heat transfer is based on electromagnetic radiation, it does
not need any medium. That means every solid can emit and absorb heat through

radiation. An overall radiation flow of solid is according to [19] defined as

¢ = & + Gu + Pa, (3.12)

where ¢, is the reflected part of flux, ¢, is the transmitted part of flux and ¢, is
the absorbed part of flux. It is essential to know the quantity of the radiation in

electrical machines so the heat flow can be according [I8] derivated as
Qrad = €0 ST, (3.13)

where € € < 0;1 > is the emissivity of the solid surface, o = 5.67-10"3W-m~2.K % is
Stefan-Boltzmann constant and 7" is the thermodynamic temperature of the surface.
In the case where one solid is completely enclosed in the other solid the heat flux is
defined as

Quoa = 205 (T = T3), (3.14)

where T} is the thermodynamic temperature of the inner solid and 75 is the ther-

modynamic temperature of the outer solid. [21]

3.4 Machine cooling

According to [28] the heat generated in the electrical machine must be transferred
from it to the air, water, or the earth. This heat transfer can be done in several
ways.

One of the ways capable of using to cool machines is the direct cooling. This
system can be made by circulating the coolant medium over the hot surface. This
medium transmits the thermal energy from the surface into the ambient. In elec-
trical rotating machines, the direct cooling system in the air is the most commonly
used. [2§]

Another way of cooling is using an indirect system of cooling. This system uses
two circuits of cooling. The first circuit uses fluid types as air, oil, or water to remove
heat from the heated surface to the outside, where the second circuit is situated.
The second circuit uses water or air, which removes the heat from the first circuit
and transmits it into the ambient. [28]

The permanent magnet synchronous machines with an outer rotor usually use
the same system as machines with inner rotor machines, which is a direct system

of cooling based on the air. The air is commonly used because of its high mobility,
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which is very useful in rotating machines. The rotor is directly cooled into the ambi-
ent. The cooling effect of machines with outer rotor increase thanks to the large air
gap between the bell and mounting flange. The heat from stator is removed through
several paths. One of these paths is through the bearing, shaft, and mounting flange
into the ambient. The second path is from the stator to the air gap between the
mounting flange and stator packet. And another path is from the stator through
the inner air, permanent magnet, rotor bell into the ambient. [28], [23] The thermal
resistance of the second path is defined by equation . The described paths of
heat removing from stator are shown in the picture These ways are between
node T and T}1,.

The thermal analysis in electrical rotating machines might be performed in sev-
eral ways. One of these ways is the method of thermal network. The principle of
this method is dividing the machine into basic thermal elements that represent a
combination of heat transfer mechanisms which are described in section [3| [25]

The computing time of the thermal network method is much less than that of
the finite element method. This short computing time makes it suitable for real-
time modeling of machine temperatures. Moreover, reducing the complexity of the
thermal model into several necessary nodes has a positive influence on computing
time and complexity. [26] On the other hand, reducing network nodes brings greater
demands on engineering knowledge.

Many nodes and thermal resistances are defined in the field of the unreduced
thermal network. However, these resistances are more simple and have been defined
early as the equations (3.9)),(3.7),(3.8).(3.11).

Nevertheless, reducing the number of thermal network nodes brings more com-
plex formulas for thermal resistances, but less resistance calculation is needed. An

example of several resistances replaced by one is equation

1 ds
= In(-2 1
Rcond 27T)\Lspir n (dl ) 9 (3 5)

where Ly is stator length and p;, is the ratio between stator teeth iron volume and
the total volume of stator iron. This equation is defined by [4] and combines the
resistances of teeth and stator yoke into one. Nevertheless, reducing the number of
thermal network nodes brings more complex formulas for thermal resistances, but

less partial calculations of them are needed.

3.5 Modelling of speed-dependent resistances

A very complex part of the analysis is analyzing the thermal resistance of the cooling

path from the winding system and stator lamination through the air gap between
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the rotor bell and the mounting flange into the ambient air. This thermal resistance

can according to [23] decrease based on the machine speed. The decreasing might
be approximating either linear [3.16] or quadratic

If the linear decreasing of the speed dependency thermal resistance is considered,

the thermal resistance is defined as

id

Rlin,i(n) = Ri,O <1 - (1 - ki,s)) + ARi,05(n), (316)

nmax

where n is the speed of rotor bell, R;o = R;(0) is the additional thermal resistance
at zero speed, npax is the maximum speed of the rotor bell, £; s is the parameter to
be optimized and its value is equal to 0 + 1. The 6(n) is the delta distribution AR; o
is value of thermal resistance by which R, is increased at zero speed of machine.
The delta distribution is according to [24] defined as

1, ifn=0

5(n) = . 3.17
() 0, ifns0 (3.17)

The quadratic waveform of the thermal resistance dependent on the equation

nl

Rquad;i(n) = Rig (ki,s + ( 1) (1- kzs)) + AR, o0(n). (3.18)

nmax

Both, linear and quadratic waveforms are observed in the part a) in the figure .

The part b) observed the detail of red waveform showed in the same picture.
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Fig. 3.5: Linear and quadratic conduction heat resistances
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From the picture, it can be seen that the parameter k; ¢ affects the rate of change
of the thermal resistance waveform. A lower parameter value increases the rate of
change, and a higher value decreases the rate of change.

Another way of speed-dependent thermal resistance analysis is through the
where the heat transfer coefficient calculation is considered directly. There are sev-
eral ways how to model speed dependence of heat transfer coefficient. One of these

ways is according to [27] defined as a
h = C1 (1 + CQI/Cs) y (319)

where ¢, ¢; and c3 are coefficients that are described in the [27]and v is inner air
speed. In the field of electrical machines are rotates per minute usually considered

so the v can be calculated as

2mn
= — 3.20
v=" (320)

r is the inner radius of rotor. This formula defines the speed of the rotor, but in the
context of simplification, is the speed of inner air considered the same.

Influence of individual coefficients to resulting waveform is shown in the pic-
ture [3.6, This graph shows that c; sets the initial value of the heat transfer coeffi-
cient waveform. The ¢, defines the steepness of the waveform, and the c3 defines if

the heat transfer coefficient function is convex, linear, or concave.
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Fig. 3.6: Heat transfer coefficient different ¢, c5 and ¢y

3.5.1 Heat transfer coefficient derivation

This chapter describe another ways of heat transfer coefficient approximation. These
approximations are based on the resistances (3.16|) and (3.18)).
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First, the derivation of heat transfer coefficient approximation based on the
is described. This heat transfer coefficient is called linear in this thesis because it
is based on linear dependency of convection thermal resistance. So the derivation is
based on the substitution of the Ry, ) by the h%s and the result of this substitution

1S

1 n|
= Rio|1- 1— k). 3.21
hS 0 ( nmax( : )> (3:21)
Then the formula can be modified as
1

h

B SRio (1%(1 — ki,s) ’ (3:22)

where SR, o can be substituted by hio The final result of the linear speed-dependency
for the hy is

hi = ho Hmax (3.23)

Nmax — TL(l - ki,s) .
where hq is initial value of heat transfer coefficient. Moreover it is necessary to

consider static heat transfer coefficient. This coefficient derivation is based on the
considering zero speed of machine in the (3.16]).

(ho-hs)
(ho + h(;)(s n),

hstat =

(3.24)

where hs is value of heat transfer coefficient if the rotor does not move. After
combining equation (3.22) with equation (3.24]) the final formula defines linear ap-
proximation of heat transfer coefficient

_|_

Nmax (hOhé)
h o(n).
e ML= Foa) (o + )

hiin = (3.25)
Second, the derivation of the heat transfer coefficient based on the equation is
described lower. This heat transfer coefficient is based on the quadratic dependency
of convection thermal resistance, so it is called the quadratic heat transfer coefficient
in this thesis. There the Rquaq,i(n) is again substituted by the h(%s Thanks to the
substitution the following equation is defined as

1 1
hqS SR, (ki,s 4l 1>2 (1- kzs)

T'max

(3.26)

This equation is combined with eqiatuon ((3.24) and the final formula of quadratic
heat transfer coefficient approximation is defined as

g (ho-hs)
(nmax + (ﬂ> — 1)2 (1 _ ki,s) + (hO + h(;) 6(”) (327)

Mmax

hqaud =
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Both, linear and quadratic approximation of h are shown in the picture ).
This picture shows that the lower value of the parameter k; s increases rate of the
value of the heat transfer coefficient change in this case. There is also shown that
the lower value of the k; ; decrease the rate of heat transfer coefficient change and
also makes deviation from the linear and quadratic waveform of it.

The detail of the red waveform is observed in the part b) of the same picture.
There are shown waveforms for the k; s = 0.9 in this part. It shown if the k; ; < 0.9
the approximation of the heat transfer coefficient based on the equation looks
like it increase exponential. In the case of heat transfer coefficient approximation
based on the equation the waveform also does not look like a quadratic curve.

This parameter causes these deviations in the waveforms.
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Fig. 3.7: Linear and quadratic heat transfer coefficients approximation

In the picture|3.§/the thermal resistances are calculated through the formula .
In the part a) of this picture the h with different coefficients and constant S is con-
sidered. These parameters are used in the formula . On the other hand in the
part b) same formula but with constant coefficients and different S is used. The

coefficients considered in this case are ¢; = 5, ¢ = 5-1072 and ¢3 = 0.8.
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Fig. 3.8: Thermal resistances different ¢y, co, c3 and S

In the picture the waveform of heat transfer coefficient based on the linear
and quadratic heat transfer coefficients are shown.

In the part a) of the picture the considered values of the used variables are
shown in the table In the part b) of the same picture the detail of the red

waveform from the case a) is shown.
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Fig. 3.9: Linear and quadratic thermal resistances
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Tab. 3.1: Table of variables used in equations ([3.25)) and ([3.27))

Parameter Value Unity
Initial heat transfer coefficient - hg 5 )
Static heat transfer coefficient - hg 20
Parameter to be optimized - k; , 0.9 ]

Heat transfer surface 1 - .5

Heat transfer surface 2 - Sy 5 [cm?]

Heat transfer surface 3 - Ss
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4 Optimizing methods

Nowadays, there is continuing demand for automation and mechanization in indus-
try. That means more electrical machines are needed. More electrical machines
need much electric power, so higher demand is placed on these machines’ efficiency,
price, and control. The result of these requirements is the need to better estimate
temperatures and optimize single machines for individual applications. [29],[30]
There are described several ways of optimizing the parameters of the thermal
network and estimating the machine temperatures in this chapter. The resulting
temperatures calculated based on the optimized values are compared with mea-
sured temperatures in the chapter [7.I] It is possible to compare which optimizing
method is better for optimizing the thermal network parameters thanks to the mea-
sured data. The better means which method is, for example, more accurate, need

lower computing time and lower computing power.

4.1 Genetic algorithm

The genetic algorithm is a method for solving both constrained and unconstrained
problems, and it is part of the group named evolutionary algorithms. This method
is based on the ideas of natural selection and genetics, which is the process that
drives biological evolution. The genetic algorithm is used to compute the high-
quality and optimal solutions. [31], [32] The disadvantage of this method is the high
computing time and the need for high computing power. The LPTN used for the
genetic algorithm is shown in the picture 5.3|

The algorithm simulates the natural selection process, so the individuals from
the direct generation are chosen to be parents at each step. These parents are used
to produce the children for the next generation. These children represent points
in the search area. Children with the better search parameters become the new
parents, and the algorithm repeats. [31], [32]

There are three rules of the new population created by this method. [32] These

rules are described lower in this section.

4.1.1 Selection rules

There are selected random parents to contribute to the selection of the next gen-
eration. The selection of the parents can depend on the individual score. [32] The
schematic of the selection principle is shown in the picture [£.I] This picture is
inspired by [32] and [31].
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Parent Child

(2] (1 [€] [5] (€] (€ [€] 6] ————— [ [E] (€] [B] [E] [E] [E] [H

Fig. 4.1: Selection rules

4.1.2 Crossover rules

These rules create a new generation by randomly combining two parents. After the
combination, a completely new individual is created. [32] There is observed the block
diagram of the crossover rules in the picture . This picture is inspired by [32]
and [31].

Parent 1

HEHIEIEEHH\\\A

Child

[El[c] [H [e] [c] [o] [E][A]

Parent 2 /
BEREEBEEEER

Crossover rule

Fig. 4.2: Crossover rules

4.1.3 Mutation rules

The mutation creates the new child by applying the random changes to parent's
genes [32]. The principle of mutation is shown in the picture . This picture is
inspired by [32] and [31].

Parent Child

[El[c][H] [e] [c] [o] [E][A] [E] (€] [v] (5] [] [o] [E] [N]

Mutation child

Fig. 4.3: Mutation rules

The block scheme of the genetic algorithm inspired by [32] is shown in the pic-
ture 441
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Produce crossover
and mutation children

Fig. 4.4: Block scheme of generic algorithm

4.2 Decision tree

The decision tree is a supervised learning method. This method is one of the most
effective methods for data mining and is used for classification and regression. The
decision tree’s goal is to create a model that predicts the results by learning simple
decision rules. These decision rules are learned from the data features. [35]

The features can be created either from the measured data or from the data
calculated by the LPTN. It is possible to use the decision tree for the fast pretending
of machine behavior. Based on this fast pretending it is possible to find trends of
the machine optimizing.

This method is easy to use, free of ambiguity, and does not need much computing
power and time. The decision tree is very useful for quick identification of the result
based on the input data and requires just a little data preparation, unlike the other
methods. The decision tree is also very good in solving problems that are similar to
the models used for learning. [35]

On the other hand, too complex trees might be created that do not generalize
the data well. This phenomenon is called overfitting, and it is necessary to avoid it.
It can be done in several ways, like setting the minimum number of samples required
at a leaf node or setting the maximum depth of the tree. [35]

The decision trees are according to [36] common usage for:

» Variable selection

» Assessing the relative importance of variables

o Handling of missing values

e Prediction

44



e Data manipulation
The example of the created decision tree is shown as a block diagram in the pic-
ture[d.5] This diagram shows the single binary target variable Y and two continuous
variables X; and Xs. Every combination of input and variables return defined out-
put R.

Yes
Yes | No
R, R,

Fig. 4.5: Block diagram of decision tree

The decision trees are composed of the nodes and branches, as it is observed in
the picture 4.5

4.2.1 Nodes

There are three types of nodes in the decision tree construction. The first type of
node represents a choice that divides all records into two or more mutually exclusive
subsets. This node is called the decision node or also root node.

The second node type is called an internal node or a chance node. This node
represents one of the possible choices available at the point in the tree structure.
The top of the node is connected to the parent node and the bottom of it is con-
nected to its child or leaf nodes.

The third type represents the final result of the decision tree or event combina-

tion. These nodes are called either leaf nodes or end nodes.

4.2.2 Branches

The decision tree structure is formed by using a hierarchy of branches. The branches

represent random results or occurrences resulting from root or internal nodes. The
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paths between the root node through internal nodes to a leaf node represent a
decision rule. These paths can also be represented as the "if" rule.

For building the decision tree three most important steps are necessary.

4.2.3 Splitting

Splitting is applied to parent nodes. These nodes are divided into purer child nodes.
The splitting rule is used until only homogeneous nodes are reached. Both discrete

input and continuous input variables can be used in the splitting of nodes. [36]

4.2.4 Stopping

The stopping criteria are for the decision tree necessary. It is because these criteria
keep the tree from being too complex. If the decision tree becomes too complex, it
loses its ability to predict future cases accurately. That means the tree would have

really poor generalization. [36], [37]

4.2.5 Pruning

Because the stopping rules do not have to work very well in some situations, pruning
is alternative to stopping the decision tree. This alternative of decision tree creation
builds the large tree first, and then this tree is optimized to the optimal size by

removing nodes that provide less additional information. [36]
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5 Analysed machine

The nominal values of the analysed machine are shown in the table [5.1 The
datasheed of the machine is shown in appendix [A]

Motor under test Unit
Rated DC bus voltage 24 | V]
Rated DC bus current 51 [A]

Number of phases 3 ]
Number of pole pairs 2 ]
Phase connection A ]
Rated speed 7100 | [rpm)]
Rated torque 150 | [mNm]

Resistance at 20°C 0.427 | [Q]

Tab. 5.1: Table of machine nominal values

There is shown the area where the temperatures of the machine are measured in
the picture 5.1 The machine is monitoring in this area. This area is called SOAR
(Safety operating area). The right upper corner of this area is the nominal machine
point. With the increasing machine load moment, the stator current increases. So
the linear decrease of the upper line is due to voltage drop. The stator resistance

defines the gradient of this line.

A

1

speed [p.u]

Y

»—n-—!————————————

load torque [p.u.]

Fig. 5.1: Testing area

The vertical dashed line defines a lower speed limit measurable by hall sensors.
The minimal torque is defines by the horizontal dashed line due to the losses of all
component systems like air friction, bearing friction, etc.

There were two methods used for the temperatures measuring. First, the thermal
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sensors were used for the measurement, that is, the direct measurement method.
There are used seven sensors in the machine. These were placed at the surfaces of
single-phase coils (Tyy, Tyvw and Ty, ), at the top of one pole of stator yoke (Tyi),
on the outer static ring of the inner bearing (7};), on the outer ring of the outer
bearing(7},) and on the mounting flange of machine (7).

Second, the thermal camera have been used. Using the thermal camera is an
indirect method of thermal measurement. It is necessary to use the indirect thermal
measurement method if the measured part is moving. A typical example of this
part is the rotor. There is used the thermal camera measures the temperature on
its outer side (7).

There are shown the measured temperatures in the part a) of the picture .
In the part b) of this picture, the measured duty cycle is shown. This duty cycle is

defined to cover the operating conditions that the machine can reach.

Speed and torque in p.u
S (] () —_
[\ D ~ S
(9} [e) W [«

S

o
o
S

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
time [h]

Fig. 5.2: Measured temperatures and duty cycle

The main goal of the thesis is to optimize convection thermal resistances. That

means the values of the conduction resistances were also taken from the [23] and are

shown in the table 5.2



Tab. 5.2: Table of started conductivity resistances

Conductive Value | Unit
resistance at 20°C
R 7.503
Rair 0 2.409
Reuso 2.750 | [KW™1]
Rapio 3.462
Ryio 0 1.558

5.1 Thermal network

There is shown the thermal network used for the temperature calculating in the
picture This LPTN is taken from the [23]. There are optimized parameter of

this thermal network in this thesis.

Tam b

Rm(l’l)
[ 1
| S|

Ol

Fig. 5.3: Thermal network
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6 Thermal analysis

This chapter is focused on the application of the described optimizing methods.
First the genetic algorithm is applied on the thermal network and then the decision

tree is used.

6.1 Application of the genetic algorithm

There are the results of the heat transfer coefficient calculated in nodes of the thermal
network where the convective heat transfer is considered in the table [6.1l These
results are calculated through the genetic optimization based on the formulas ((3.16])

and (B19)

Tab. 6.1: Table of optimized linear and quadratic heat transfer coefficients

Node | Parameter | Linear value | Quadratic value Unit

hos 14.056 13.336 | [Wm 2K
Ti | hesg 8.143 5.847

ke s 0.547 0.628 )

ho 18.000 18.000 | [Wm 2K
T, | hs, 4.965 5.524

v s 0.127 0.379 )

hos 8.000 8.000 | [Wm 2K~
T, | hss 8.042 5.341

ks s 0.484 0.724 )

ho.cua 9.018 7.002 | [Wm2K™]
Tewa | hs.cun 5.112 5.055

Keua,s 0.101 0.207 g

hoair 3.945 3.889 | [Wm 2K~
Tair | hs air 7.199 5.276

Kair,s 0.515 0.642 g

There are shown measured and calculated temperatures for the linear heat trans-
fer coefficient approximation in the part a) of the figure [6.1] This figure observes
how different the measured and calculated temperatures are. The calculated tem-
peratures have almost the identical waveforms as the measured temperatures. The
designed thermal model is very similar to the real measured machine.

In the part b) of the same picture, the absolute difference between the calculated
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and measured temperatures is shown. The value of a total residuum for all data
is equal to 1.037°C. The residuum defines according to [33] the deviation of the
measured and calculated values, so-called the mean squared error. The residuum
can be according to [34] calculated as
Ly~ (T~ Tn)” (6.1)
£=— —Tw) , .
iz
where the n is a number of measured points, the T is the calculated temperature,

and the 7%, is the measured temperature.

a)

801 — measured T, —— measured Te, —— measured Tpo ~ ——— modelled Ty —=- modelled Te,  —-- modelled Tho
measured T,ir —— measured Tp; —— measured T¢ modelled T === modelled Ty; ——— modelled T¢

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
time [h]

Fig. 6.1: Graphs based on linear heat transfer coeff. calculated by the GA

If the optimization of the quadratic heat transfer coefficient approximation is
considered, the final temperature waveforms are shown in the part a) of the pic-
ture [6.2] The absolute differences between measured and calculated temperatures
are shown in part b) of the same picture. The value of the total residuum is equal
to 0.957°C.

Optimizing both the linear and quadratic heat transfer approximation gives us
accurate results. The optimization of the linear approximation takes 47.86 hours,
and the quadratic approximation takes 49.46 hours with the same set of initial pop-

ulation (200) and maximal numbers of the iterations (2000).
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807 — measured T,  —— measured Ty  —— measured Tyy  ——— modelled T, ~ =-- modelled Te, === modelled Too

measured Tir —— measured Tp; —— measured T¢ modelled Tir —=—— modelled T; ——= modelled T¢

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
time [h]

Fig. 6.2: Graphs based on quadratic heat transfer coeff. calculated by the GA

The results of genetic optimization calculated using the formula (3.19)) are shown
in the table 6.2l These results are calculated in the same nodes as in table [6.1]

Tab. 6.2: Table of optimized heat transfer coefficients calculated by the (3.19)

Node | Parameter | Value Unit

C1g 15.000 | [Wm™2K™!]
Tr | coy 0.022

Cap 0.702 )

Clx 12.583 | [Wm2K™]
T, | cox 0.050

Car 0.736 g

C1s 7.183 | [Wm 2K
T, | o 0.020

C3s 0.700 )

€1 cua 4.622 | [Wm—2K™!]
Teuwa | C2.cua 0.153

€3 cun 0.775 H

Clain 22.000 | [Wm—2K~1]
Tair | C2,ir 0.646

C3 air 0.987 g
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a)

801 — measurcd T,
measured Tair

measured T,

measured Tho —== modelled T; === modelled T¢, === modelled Tyo
measured T¢ modelled T —=—— modelled Ty; === modelled T¢

measured Tp;

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
time [h]

Fig. 6.3: Graphs calculated by genetic algorithm approximation using (3.19))

There are observed the waveforms of the calculated and measured temperatures
in the part a) of the picture . The absolute differences between the calculated
and measured temperatures are shown in part b) of the same picture.

The total calculated residuum of the temperatures is equal to 2.592°C. The total
computation time was 46.28 hours, with the initial population equal to 200 and a
maximal number of the iterations equal to 2000. The results calculated by all three

approximations of conduction heat transfer are discussed more precisely in the [7.1]
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6.2 Application of decision tree

The features are created from input data used for decision tree training. There are
several ways the features can be created in this method, but the best way is to use the
data that makes the physical sense in the field of the electrical machines. [38], [39]

The physical parameters used for the feature creating are shown in the table [6.3

Tab. 6.3: Table of features used for the decision tree creating

Feautre | Used data
f1 n
2 n?
I3 n?
fa 1
5 r
fe In

These features have been chosen because of the connection with the losses gen-
erated in the machine and the machine’s cooling effects.

The speed of machine n influences bearing losses and capability of rotor cooling,
and the current I,;, is related to the stator current losses. Moreover, these values are
easy to measure, which predisposes them for the real-time estimation of the machine

temperatures without the need for high calculating power.

6.2.1 Data preparing

In the case of measured data using it is convenient to use some filter for the features
created. These filters are used to protect the decision tree before the poor learning
due to interferences. In this thesis, two types of filters have been chosen:

o Moving average - MA

« Exponential moving average - EMA.
The moving average is, according to [40] the most common filter that can be used
in DSP. It is because the moving average is easy to understand and use. This type
of filter is good for reducing interferences of measured data. The formula for the

moving average calculation is according to [40] defined as

:yn+yn+1+yn+2+"'+yn+w
w )

(6.2)

n

where the z, is the averaged value of n'" sample, the v, is the raw value of n** data

sample, and w is the number of values used to average so-called the window.
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It is better to move the window into the past for the practical use of this data
filtering method and use in DSP. That means the moving average works with the
earlier measured data. This approach is used because the sensors measure the zeros
when the machine is switched off. This shows the equation (6.3)).

_ yn—w + yn—w+1 + yn—w+2 + ...+ yn (6 3)
” : .
The way how the moving average described by ((6.3]) works is shown in the picture|6.4]

This method is suitable for the practical use as it is described upper.

n

Raw data

28 4~ —— MA Filter
g 26
E
Z o4l
<

22 4

20 T T T T T T T T

0 100 200 300 400 500 600 700

n [min~1]

Fig. 6.4: Example of moving average filter using

Little troubles come when it is used for learning the decision tree. Multiple cycles
connected in sequence bring biased values and might negatively influence learning.
So there is a modification of the moving average calculation for the learning. That
modification does not consider zeros in the first steps of the window, but the same

value as the first value of the waveform is. Then the moving average looks like [6.5]

Raw data
—— MA Filter

0 100 200 300 400 500 600 700
n [min~}]

Fig. 6.5: Example of moving average filter using

The Exponential moving average is the averaging that gives more significance to

points in the near past and less significant to points in the more distant past. The
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difference between the exponential moving average and the moving average is the
movign average gives the same weight for all considered points. [41], [42] According

to [43] the exponential moving average can be calculated as
Ty = (1l — @)y, (6.4)

where the a = i and the z,_; is previous calculated value.
Data filtered by the exponential moving average are shown in the picture [6.6]

28 1 Raw data

EMA Filter y,r)‘;}#vp WA
27 1 4
M
) ,41"' 4 '

0 100 200 300 400 500 600 700
n [min~%]

Fig. 6.6: Example of exponential moving average filter using

First, the raw data for the features creating have been used. The picture
shows measured temperatures and temperatures predicted at the same point of the
duty cycle by the decision tree. These graphs show how the decision tree is good
in its predictions. If all points are placed on the blue diagonal line, the decision is
very accurate. This picture shows that the learned decision tree has poor accuracy

in the prediction.
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Fig. 6.7: Quality of the decision tree learning for raw data

In the light of the preceding information, not-good results of the temperature
waveforms are observed. The results of it are shown in the figure The tem-
perature waveforms are observed in the part a) of this picture. The part b) of this
picture shows the differences between measured and predicted temperatures, what
is the absolute difference of the calculation.
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Fig. 6.8: Graphs calculated by decision tree using raw data
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The values of the mean absolute errors of features used for the decision tree
learning that is created by raw data in single nodes are shown in the table

In the picture [6.9] the results of the decision tree where is the moving average
used for the creation features are observed. The prediction points are fit in the
diagonal line better than in the case where the raw data are used. That means the

decision tree learning is much better, and its predictions are more accurate in this

case.
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Fig. 6.9: Quality of the decision tree learning for MA filter

Thanks the better learning, the better results of temperature waveform predic-
tions are expected. As it is shown in the part a) of the picture the results from
the decision tree are better. In the same picture, the part b) shown the absolute
errors of temperatures. The values of the mean absolute difference when the moving

average filter is used for the feature creation are in the table
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Fig. 6.10: Graphs calculated by decision tree using MA filtered data

The results of decision tree learning observed in the picture show how good
the tree is. This decision tree used the features created by the exponential moving
average . The prediction points are placed in the diagonal line much better than in

both upper cases. That means a very accurate result of the temperature prediction
can be expected.
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Fig. 6.11: Quality of the decision tree learning for EMA filter
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There are shown the predicted and measured temperatures in the part a) of the
picture [6.12] At first glance, it is evident that these predicted temperatures are
very similar to the measured. The part b) of this picture observes the values of
the absolute difference. The maximal absolute error is moving around 5°C, and the
values of the mean absolute errors in single nodes are in the table[7.2] Both, the part
a) and part b) confirms the assumptions based on the picture and described

upper.
a)

—— Predicted Cu —— Predicted r Predicted air

Predicted f ~ —— Predicted bi —— Predicted bi
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Fig. 6.12: Graphs calculated by decision tree using EMA filter

The results mined by all three iterations of the decision tree are discussed more
precisely in the chapter
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7 Comparison of calculated results and mea-
sured data

This chapter is focused on the comparing measured data with the results mined
from the calculations. Moreover, the usability for real-time calculation in terms of
the computing time, necessary computing power, and accuracy is discussed in this
chapter.

7.1 Data evaluation

The data calculated by the genetic algorithm are summarized in the table[7.1] This
table shows the computation time and the accuracy of the calculated data. These

parameters are crucial to evaluating the methods.

Tab. 7.1: Table of mean squared errors in single nodes

Node error Linear | Quadratic | According to Unit
ECu 1.201 0.955 0.863
Er 0.931 0.870 1.038
Eair 1.077 0.973 4.653 o
Ef 0.931 0.870 1.503
. 1.021 0.948 1.503
Ebo 0.936 0.869 1.110
| computing time | 47.86 | 49.46 | 4629 h |

The table shows that the approximation by needs the lowest computing
time, but computing accuracy is the worst. On the other hand, the best computing
accuracy is reached by the quadratic approximation of conduction heat transfer.
However, this approximation needs the highest computation time to calculate these
results. In light of these parameters, the best way for the LPTN optimization is to
use the linear approximation of conduction heat transfer. It is thanks the excellent
accuracy of the calculations combined with the relatively short computing time.

If the error of calculations is lower than 5°C, it is considered a reasonable ac-
curacy. An error lower than 2.5°C is a good accuracy, and the error around 1°C is
the perfect accuracy of the calculations. These boundaries of accuracy are based on
the accuracy classes of thermal used sensors. Thermal sensors with higher accuracy
classes are more expensive, so the balance between cost and accuracy class is neces-

sary to find.
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So it is necessary to say that all three ways of conducting heat transfer approxi-
mation give very good results in terms of the computing time and also calculating
accuracy. That means the way of approximation depends on the requirements for
the temperature estimation accuracy of the specific machine application. If either
the perfect LPTN or the cheaper calculation of it is needed.

There are the mean absolute error results mined by the decision tree in the ta-
ble [7.2] The errors are calculated for the same nodes as the temperatures in the
case of the genetic algorithm.

The table [7.2] shows that the worst accuracy of the calculated temperatures was
reached when the raw data were given for the decision tree learning. As discussed,
it is because the raw measured data are rippled, which might negatively influence
the ability of the tree to learn. Better accuracy of the calculation is reached if the
moving average filter for the creating features is used. It is because the data used
for the learning are smoothed, and the learned decision tree can better predict the
temperatures. This table also shows that the best predictions are reached if the
exponential moving average is used for the feature creation. First of all, it is be-
cause the data are smoothed, but it is also because the exponential moving average
is better to fit the reality. The better reality fit of this averaging consists in the
different weights of the data.

Tab. 7.2: Table of mean squared errors in single nodes

Node error | No filter | MA | EMA | Unit
£Cu 11.255 | 0.586 | 0.020
&y 3.087 | 0.102 | 0.007
Eair 4.793 | 0.171 | 0.042 Co
¢ 5.946 | 0.501 | 0.002
Ebi 3.101 | 0.656 | 0.008
€bo 2.853 | 0.376 | 0.0004

The computation time for all ways of learning is in the order of minutes. How-
ever, the main disadvantage of the decision trees over the genetic algorithms is the
inability of data extrapolating. So the decision trees are much faster than the ge-
netic algorithms. For this reasons, the trees are perfect for predictions of very similar
situations to which have been learned.

So the decision tree can predict very accurate temperatures but needs many data
to learn.Thanks the low computing power requirements, the realization of the real-
time calculation is much easier.

On the other hand, the genetic algorithm needs more computing time and com-

puting power. However, the LPTN optimized by the genetic algorithm has a really
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good ability to precisely predict the temperatures of the machine even if an unknown
state occurs. So the main power of the LPTN optimized by the genetic algorithm is
precisely calculations of temperatures for almost any possible state of the machine.
Final LPTN optimized for a given machine does not need much computing time and
power, but the decision trees still need less. So the realization of real-time temper-
ature computing is more complex.

The main advantage of real-time temperature calculation is the absence of ther-
mal sensors placed in machines. This advantage is practical, particularly in the
low-cost machine segment. It is because thermal sensors with high tolerance class
cost about 10 € and for measurement of this machine temperatures are seven sen-
sors needed. The tolerances of this tolerance class are around £0.35% at 100°C,
depending on the maker of the sensor. Sensors with a low tolerance class cost about
1-2 €. The tolerance of it at 100°C is about +1.6% again depending on the maker
of the sensor. Moreover, there is necessary to modify the machine for the sensors
placing and an evaluation of electronics is needed.

The real-time modeling needs only input data, particularly the machine's input
current and speed. The input current is usually known, especially if the frequency
converter for controlling is used. The speed of the machine is also measured or cal-
culated as output because of system requirements. Then the DPS to calculate the

actual temperature of the machine is needed.
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Conclusion

At first, thesis deals with the classification of synchronous machines of design was
described. In this part of the thesis, the overwie of inner rotor machines and outer
rotor machines is made. Moreover, in chapter [1.2]is explained principle of the syn-
chronous machine function.

Then the analysis of losses generated in permanent magnet synchronous ma-
chines and dividing of these losses are explained. The right analysing of the losses is
a very important part of thermal dimensioning. Also, the losses generated by fluid
flowing over the moving rotor and its calculation are described in this thesis.

In the middle of the thesis the mechanisms of heat transfer were explained. The
heat transfer considers only three defined mechanisms which are conduction, con-
vection, and radiation. The cooling of the machines is due to these mechanisms
only. There were also described principles of direct and indirect machines cooling
systems. In the same chapter were also described ways of convection heat trans-
fer and convection thermal resistances approximations. These approximations were
used in the LPTN. This LPTN was also used for the temperature estimation.

Moreover, there were described and used methods for the thermal network pa-
rameters optimizing. The parameters of LPTN were optimized by the genetic algo-
rithm to better approximation of the real machine. Another described method of
temperature estimation is the decision tree. This method was evaluated as method
with the lower computing time and lower necessary computing power so it is suitable
for the real-time machine temperature estimation.

There was shown the measured duty cycle with the measured temperatures in
the picture [5.2) at the end of the thesis. There were also tables [7.1] and [7.2] with the
summarizing of the mean squared errors. Then the evaluation in terms of computing
time and computing power of those methods were done.

Temperatures calculated by both methods were graphically plotted. These plot-
tings of temperatures estimated by the genetic algorithm were shown in the pic-
tures and [6.3] The temperatures estimated by the decision tree were plotted
in the pictures [6.8/6.10] and [6.12] In those picture were also plotted the absolute
error between the measured and calculated temperatures.
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Symbols and abbreviations

%

5 O® N W W

<

s,in

EMA

FE

ho

h

Flux density

Flux density amplitude

Radial component of flux density
Flux density in the x-axis

Flux density in the y-axis
Peripheral component of flux density
Calculation coefficient
Calculation coefficient
Calculation coefficient

Friction coefficient

Friction coefficient

Friction contact coefficient
Thickness of lamination
Thickness of the solid

Bearing bore diameter

Rotor diameter

Air gap outer diameter
Frequency

Exponential moving average
Equivalent dynamic bearing load
Finite element method

Initial value of heat transfer coefficient
Heat transfer coefficient

Heat transfer coefficient
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Rlin Linear approximation of heat transfer coefficient

hq Heat transfer coefficient

hquad Linear approximation of heat transfer coefficient
Pstat Static heat transfer coefficient

hs Static heat transfer coefficient

1q Current in the d-axis

Ipn Phase current

PM Current source

Rq Damper resistance

Is Stator current

ke Eddy current coefficient

ked Eddy current loss coefficient

Kex Coefficient determined by curve fitting of the material
ki, Coefficient depend on the bearing specification
ky Experimental coefficient

kig Optimization coefficient

ko Roughness coefficient of material

L Cylinder length

L Rotor length

L. Characteristic length

Lp Total damper inductance in the d-axis

Lp, Damper linkage resistance

LPTN Lumped parameter thermal network

Ly, Stator leakage inductance

Lya Magnetizing inductance
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Qcond
Qconv
Qrad

q

Reond
Reond eyl

Rcond,bar

RCOHV
Rp
R65

Rlin,i(n)

Magnetizing inductance
Total damper inductance in the g-axis
Damper leakage inductance
Stator length

Moving average

Rotor mass

Number of steps per period
Nusselt number

Maximal speed of machines
Rotor speed

Power of machine

Bearing mechanical losses

Ratio between stator teeth iron volume and the total volume of

stator iron

Transferred heat by conduction

Convection heat transfer

Radiation heat flow

Heat flux

Conduction resistance

Solid cylinder thermal resistance in radial direction
Cylinder thermal resistance in radial direction
Convection thermal resistance

Damper resistance

Reynolds number

Linear approximation of speed-dependency thermal resistance
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Rpno
Ry,

unad,i(n)

Ry
Ry
Rio
1

T

Phase resistance at 20°C
DC resistance

Quadratic approximation of speed-dependency thermal

resistance

Stator resistance

Thermal resistance

Thermal resistance at zero speed

Cylinder inner radius

Cylinder outer diameter

Inner radius of rotor

Area

Heat transfer surface

Thermodynamic temperature of inner solid
Thermodynamic temperature of outer solid
Period, thermodynamic temperature
Temperature sensor of inner air

Generated torque of machine

Temperature sensor of flange

Temperature sensor of inner bearing
Temperature sensor of outer bearing
Temperature of rotor measured by thermal camera
Winding temperature at 20°C

New winding temperature

Temperature sensor of uv phase

Temperature sensor of vw phase
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Twu Temperature sensor of wu phase
T Calculated temperature

T, Measured temperature

t Time

Uq Voltage in the d-axis

dq Voltage in the g-axis

Us Stator voltage

w Window width

X Unit vector

T Averaged temperature

v Unit vector

Yn Raw value of learning data

Qg Temperature coefficient of resistance
« Experimental coefficient

APcy Stator copper losses

APeqay Eddy current losses

AP, Excess losses

APy Hysteresis losses

APpag Stator magnetic losses

AP ech Mechanical losses

AP, Rotor losses

AP Total losses

AP, Rotor end ring power losses
AR Values resistance by which is resistance at zero speed increased
AT Temperature difference

74



Pa
b
Dr
¥p
¥p
2
Yrm
Yq
Uq
s

Load angle

Air gap thickness

Delta distribution

Emissivity

Value of the residuum

angle between B, and x-axis
Thermal conductivity

Dynamic viscosity of the coolant
Speed of inner air

Material resistivity

Density of the coolant
Stefan-Boltzmann constant

Angle between current and voltage
Overall radiation flow

Absorbed part of flux

Reflected part of flux

transmitted part of flux

Damper winding flux linkage D-axis
Damper winding flux linkage

Flux linkage in the d-axis
Permanent magnet flux linkage
Flux linkage in the g-axis
Dumper winding flux in the g-axis
Total stator flux linkage

angular frequency of the shaft
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Wy Angular velocity of rotor

COS,, Power factor of machine

76



List of appendices

A" Datasheet of analyzed machine |

77

78



A Datasheet of analyzed machine

VARIODRIVE-Motor

VD-3-54.14

— 3-phase, 6-pulse external rotor motor.

— EC technology.

— Dynamically balanced rotor with 4-pole, plastic-bonded ferrite magnet.

— Determination of rotor position via 3 Hall sensors.

— Motor supply and control via external operating electronics.

— Customer-specific winding layout and / or motor part sets available on request.

Nominal Data

Type VD-3-54.14 ..010 ..005
Nominal voltage (Ugy) VDC 24 24 24
Nominal speed (ny) min-! 5600 3700 6200
Nominal torque (My) mNm 150 150 150
Nominal current (Igy) A 5.1 36 5.7
Nominal output power (Py) w 88 57 97
Free-running speed (n) min-! 7100 5200 7250
Free-running current (lg) A 0.41 0.26 0.43
Permanent stall torque (Mgyo) mNm 115 115 135
Permissible eff. stall current, motor lead (o) A 44 3.1 5.4
Permissible permanent input power at stall (Pg,0) w 13 13 13
Short-term permiss. peak torque (M) mNm 400 400 440
Permiss. peak current, motor lead (I, A 15 10 20
Induced voltage (Ujp,ay) V/1000min-1 3.06 4.38 2.95
Terminal resistance Q 0.49 0.96 0.33
Terminal inductance mH 1.00 2.00 0.72
Rotor moment of inertia (Jg) kgm2x10-6 145 145 165
Thermal resistance (Ry,) Kw 2.5 3.0 2.4
Protection class IP 00 IP 00 IP 00
Ambient temperature range (T,)) °C 0..+40 0..+40 0...+40
Motor mass (m) kg 0.52 0.52 0.52
Order No. 937 5414 000 937 5414 010 937 5414 005
Fragial Faxial 10N i ics for speed: i
l Faa  Tradial 60N Ly 10mm for Order No. 937 5414 000 = DRIVECONTROL VT-A / Order No. 937 2501 001
”ljDJ: T permissible shaft load at nominal speed and for Order No. 937 5414 010 = DRIVECONTROL VT-A / Order No. 937 2501 002
TP - life expectancy L10 at 20 000 h. for Order No. 937 5414 005 = DRIVECONTROL VT-D on request
] 1
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