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Abstract 

The master 's thesis deals w i t h the measurement o f an i n d u c t i o n m o t o r w i t h t w o 

different p o w e r supplies , a f requency converter and a generator. T h e n these t w o 

p o w e r supplies were s imula ted u s i n g the f inite element m e t h o d and compared. The 

first chapter deals w i t h the descr ipt ion o f the asynchronous m a c h i n e p o w e r e d b y the 

f requency converter a n d also the r e c o m m e n d e d modi f i ca t ions for this k i n d o f p o w e r 

s u p p l y to a v o i d as m a n y undesirable p h e n o m e n a as possible. The second chapter deals 

w i t h the losses o f the asynchronous machine . The t h i r d chapter discusses the approach 

to m e a s u r i n g h a r m o n i c losses due to inver ter p o w e r s u p p l y and also the s tandardized 

approach according to i n t e r n a t i o n a l standards. The second h a l f o f the t h i r d chapter also 

describes the c o m p u t a t i o n a l analysis w h i c h is used i n this thesis i n the f o r m of f inite 

element analysis . F ina l ly , the measurement uncertaint ies i n the s tandard i n p u t - o u t p u t 

m e t h o d are described. In the f o u r t h chapter, the m o d e l i n g i n A N S Y S M A X W E L L 

software is presented, w h e r e first the creat ion o f a m o d e l o f the specif ied m a c h i n e is 

described, then its s i m u l a t i o n w i t h s inuso ida l p o w e r supply , a n d i n the second h a l f the 

s i m u l a t i o n w i t h P W M p o w e r s u p p l y is expla ined a n d h o w the P W M w a s repl icated 

u s i n g the measured w a v e f o r m s . In the f i f th sect ion, a l l the measurement results are 

presented w i t h f igures to give a better idea o f the results. A t the e n d o f the chapter, a 

c o m p a r i s o n o f the s i m u l a t i o n a n d measurements a n d its lack o f accuracy is presented. 
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Abstrakt 

Diplomová práce se zabývá měřením asynchronního m o t o r u se dvěma různými 

zdro j i napájení , a to s f rekvenčním m ě n i č e m a generátorem. T y t o d v a zdroje napájení 

b y l y následně simulovány pomocí m e t o d y konečných prvků a p o r o v n á n y První 

k a p i t o l a se zabývá p o p i s e m asynchronního stroje napájeného frekvenčním měničem 

a také doporučenými úpravami p r o tento d r u h napájení , aby se předešlo co ne jvíce 

nežádoucím jevům. Druhá k a p i t o l a se věnuje ztrátám asynchronního stroje. Třet í 

k a p i t o l a popisuje přístup k měření a vyhodnocování harmonických ztrát způsobených 

napájením z měniče a také standardizovaný přístup podle mezinárodních n o r e m . Druhá 

p o l o v i n a třetí k a p i t o l y také popisuje výpočetní analýzu, která je v této práci použita ve 

formě analýzy konečných prvků. N a k o n e c j s o u popsány nej is toty měření při použití 

standardní m e t o d y vstup-výstup. Ve čtvrté kapi to le je představeno modelování v 

so f twaru A N S Y S M A X W E L L , kde je ne jprve popsána tvorba m o d e l u specif ikovaného 

stroje, poté jeho s imulace se s inusovým napájením, a v druhé polovině je vysvětlena 

s imulace s P W M napájením a jak b y l o P W M replikováno pomocí naměřených průběhů. 

V páté kapi to le j s o u prezentovány všechny výsledky měření s vyhodnocením. N a k o n c i 

k a p i t o l y je uvedeno srovnání s imulace a měření a jeho nedostatečná přesnost. 

Klíčová slova 

Asynchronní motor , harmonické ztráty, frekvenční měnič , ztráty indukčního m o ­

toru , měření asynchronních motorů, e lektromagnetický m o d e l , m e t o d a konečných 

prvků, porovnání s imulace , přídavné ztráty. 



Rozšířený abstrakt 

Diplomová práce se zabývala měřením a porovnáním asynchronního m o t o r u se dvěma 

různými zdro j i napájení . Měření je ne jprve provedeno s napá jením z frekvenčního 

měniče p r o sledování přídavných ztrát vzniklých z P W M , a poté s generátorem, který 

slouží j ako zdroj s inusového průběhu. Měření je provedeno tak, aby oba zdroje b y l y 

porovnatelné. Tepelné rozdíly pak ukázaly, kde vznikaj í další harmonické ztráty. P r o 

další ověření měření b y l y p r o v e d e n y i s imulace pomocí m e t o d y konečných prvků v 

so f twaru A N S Y S M A X W E L L . O b a zdroje napájení b y l y s imulovány využit ím hodnot z 

měření a následně srovnány. 

První k a p i t o l a se zabývá p o p i s e m asynchronního stroje napájeného frekvenčním 

měničem. Nejdříve j s o u popsány negativní v l i v y takového napájení a také doporučené 

úpravy p r o tento d r u h napájení , aby se předešlo co nejvíce nežádoucím jevům. Dále 

se k a p i t o l a zabývá moderními přístupy k řízení m o t o r u . Je zde u v e d e n a publ ikace , 

která zobrazuje porovnání aktuálně používaných druhů řízení a vysvětluje výhody a 

nevýhody určitých způsobů. 

Druhá k a p i t o l a vysvětluje rozložení ztrát v asynchronním stroj i . Kromě základního 

rozdělení j s o u u v e d e n y i typické h o d n o t y ztrát, kde se vyskytuj í a jak vznikaj í z 

fyzikálního h lediska . 

Třet í k a p i t o l a popisuje přístup k měření a vyhodnocování harmonických ztrát 

způsobených napá jením z frekvenčního měniče . V další sekci je vysvětlen přístup k 

měření negativních účinků P W M , ale i standardizovaný přístup p r o měření hodnot 

harmonických ztrát podle mezinárodních n o r e m . Z d e uvedené n o r m y b y l y využity p r o 

měření stroje v laboratoři . Druhá p o l o v i n a třetí k a p i t o l y ukazuje výpočetní analýzu, 

která je v této práci použita ve formě analýzy konečných prvků ( M K P ) . Základy této 

m e t o d y b y l y aplikovány n a geometr i i stroje. K a p i t o l a je doplněna také o porovnání 

přesnosti M K P a analytického m o d e l u . J sou zde u v e d e n y i nevýhody M K P , j ako j s o u 

výpočtová náročnost n a hardware , ale i dlouhý čas analýzy. N a k o n e c j s o u popsány 

nej istoty měření při použití standardní m e t o d y vstup-výstup, což souvisí s určováním 

ztrát u strojů s v y s o k o u účinností . 

Ve čtvrté kapi tole je představeno modelování v s o f t w a r u A N S Y S M A X W E L L . N e ­

jprve je popsáno vytvoření m o d e l u specif ikovaného stroje v R M x p r t podle skutečných 

h o d n o t z dokumentace stroje a poté jeho s imulace se s inusovým napájením. V druhé 

polovině k a p i t o l y je vysvětlena s imulace s P W M napá jením a jak b y l o P W M replikováno 

pomocí naměřených průběhů. B y l o zapotřebí provést F F T analýzu naměřených průběhů 



a získat tak pracovní harmonické p r o stvoření napětové rovnice , která b y l a zadána do 

M K P . V š e c h n y průběhy ze simulací j s o u u v e d e n y a krátký komentář popisuje j e j i ch 

rozdíly 

V páté kapi to le je ne jprve vysvětleno, jak b y l y určeny zátěžové pracovní b o d y a 

jak b y l o měření naplánováno. První test z a h r n o v a l měření mechanických ztrát a poté 

následovalo měření napájení s m ě n i č e m frekvence, dále generátorem a nakonec měření 

m o t o r u naprázdno. M e t o d o l o g i e je vysvět lena s pomocí blokového d i a g r a m u . V druhé 

polovině k a p i t o l a prezentuje všechny výsledky měření s vyhodnocením. Výsledky j s o u 

u v e d e n y c h r o n o l o g i c k y , jak b y l a měření provedena , všechny h o d n o t y j s o u u v e d e n y v 

tabulkách a také zobrazeny v grafech. N a k o n c i k a p i t o l y j s o u porovnána dvě napájení , 

a to i s výsledky ze s imulace. 
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Abbreviations and symbols 

S y m b o l Variable U n i t 

B F l u x densi ty (T) 
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f Frequency (Hz) 
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Hc C o e r c i v e f i e ld s trength (A/m) 
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S y m b o l Variable U n i t 

Pf iv ,FEM C a l c u l a t e d f r i c t i o n and w i n d a g e losses (W) 

P h Hysteres is losses (W) 
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Apfe I ron losses (W) 

Apfel I ron losses dif ferential (W) 

A p f e 2 I ron losses dif ferential (W) 

A P i n Input p o w e r dif ferential (W) 
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S y m b o l Variable U n i t 

Tset Set t ime p e r i o d (s) 

A T Temperature dif ferent ia l (K) 

U Voltage (V) 

It! Vol tage vector (V) 

u2 Voltage vector (V) 

Voltage vector (V) 

U4 Voltage vector (V) 

U5 Voltage vector (V) 

U6 Voltage vector (V) 

Um Voltage difference (V) 

F u n d a m e n t a l voltage (V) 

Rated voltage (V) 

Uims Effect ive voltage (V) 
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n Eff i c iency (-) 
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M i n i m u m eff ic iency (-) 
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A P o w e r factor (-) 

S y m b o l Variable 

C P U C e n t r a l process ing uni t 

D P W M S y m m e t r i c a l two-phase pulse w i d t h m o d u l a t i o n 

D T C D i r e c t torque c o n t r o l 

F E A Fini te element analysis 

F E M Fini te element m e t h o d 

H D D H a r d D i s k D r i v e 

I E C Internat ional E lec t ro technica l C o m m i s s i o n 

I M I n d u c t i o n m o t o r 

M S Magnetos ta t i c 

P W M Pulse w i d t h m o d u l a t i o n 

R A M R a n d o m access m e m o r y 

SSD Solid-state drive 

S V P W M Space vector pulse w i d t h 

T H T i m e h a r m o n i c 

T H D T o t a l h a r m o n i c d i s tor t ion 

T M Trans ient magnet ic 
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Introduction 

The impor tance o f i n d u c t i o n machines n o w a d a y s is s t i l l h i g h despite their l o w e r 

eff ic iency c o m p a r e d to s y n c h r o n o u s machines . This is m a i n l y because o f their s i m ­

p l i c i t y a n d toughness, w h i c h guarantees a l o w e r chance o f m a c h i n e fa i lure a n d also 

maintenance . The basic parts o f an i n d u c t i o n m a c h i n e are descr ibed i n [1], w h e r e an 

i n d u c t i o n machine is made up o f t w o m a i n parts, l ike a stator and a rotor. The stator 

most c o m m o n l y contains a three-phase w i n d i n g , a n d the rotor consists o f either a 

squirre l cage or a w o u n d rotor. C o m p a r e d to s y n c h r o n o u s machines , they are also 

character ized b y the ab i l i ty to start d irec t ly f r o m the g r i d . The rotor speed then depends 

o n the f requency o f the p o w e r supply . 

C u r r e n t trends i n susta inabi l i ty present electr ical m a c h i n e manufacturers w i t h 

constant challenges i n des igning machines to be more efficient. The p u b l i c a t i o n [2] 

describes that e lectr ical machines represent a large part o f energy c o n s u m p t i o n , so 

there has a l w a y s been a dr ive to increase eff ic iency levels i n var ious inst i tut ions . 

A c c o r d i n g to the p u b l i c a t i o n [3], the p r o d u c t i o n a n d design o f an i n d u c t i o n m o t o r is 

more cost-effective a n d also more maintenance - f r i endly due to the w i d e spare parts 

market c o m p a r e d to s y n c h r o n o u s machines . So, despite increas ing in terna t iona l 

eff ic iency standards, manufacturers are s t i l l t r y i n g to p u s h these machines to h igher 

eff ic iency levels, for example b y u s i n g different mater ia l i n the rotor cage. This is also 

advantageous for market development , w h e r e manufacturers f o r m a c o m p e t i t i o n that 

pushes t h e m further. This is the m a i n objective o f the I E C eff ic iency standards, w h e r e 

the p u b l i c a t i o n [4] expla ined that the t r a n s f o r m a t i o n o f the market a n d the r e d u c t i o n 

o f the e n v i r o n m e n t a l impact o f e lectr ical machines , m a i n l y i n d u c t i o n machines , a l lows 

for better a n d better designs. For manufacturers , it is a lways a quest ion o f cash f low, 

but w i t h a v e r y detai led design, i n d u c t i o n machines c o u l d m a t c h some s y n c h r o n o u s 

machines . 

A b i g step and help for i n d u c t i o n machines w a s the development o f p o w e r elec­

tronics , w h i c h a l l o w e d the use o f f requency converters u s i n g pulse w i d t h m o d u l a t i o n 

( P W M ) . Frequency converters became a v e r y p o p u l a r source for asynchronous m a ­

chines, m a i n l y because o f the change o f speed for certa in w o r k tasks. This change 

a l lows for increased eff iciency o f the system. P o w e r i n g an electr ical machine w i t h a 

f requency converter has its negative features as w e l l . The u n w a n t e d characteristics are 

the addi t iona l losses o c c u r r i n g i n the m a c h i n e due to h igher f requency w h i c h affects 

h a r m o n i c s a n d other p h e n o m e n a . The article [5] explains that the addi t iona l losses 

resul t ing f r o m frequency converters are s t i l l not w e l l s tudied and their m o d e l i n g is 

v e r y cha l lenging . W i t h the fur ther development o f p o w e r electronics , the s w i t c h i n g 

frequency o f inverters is increas ing , w h i c h also according to the p u b l i c a t i o n [6] reduces 

negative characteristics such as current h a r m o n i c s associated w i t h P W M p o w e r 
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supplies . The [7] p u b l i c a t i o n shows that three methods can be used to obta in f requency 

converter losses, n a m e l y i n p u t output , ca lor imetr ic , a n d ca lcula t ion , but for such a 

ca lcula t ion the [8] p u b l i c a t i o n describes that there is no general m e t h o d for ca lculat ing 

the a d d i t i o n a l losses f r o m the P W M s u p p l y a n d most often these losses are calculated 

as a percentage o f the total losses. T o t a l losses can increase b y up to 20 % w h e n u s i n g 

an inverter c o m p a r e d to a generator. The a d d i t i o n a l losses can also affect the engine 

r u n n i n g at h igher temperature, the temperature affects the operat ing p o i n t , w i t h the [8] 

p u b l i c a t i o n s h o w i n g a reduct ion i n the rated m a c h i n e p o w e r o f up to 20 %. The correct 

temperature value is i m p o r t a n t for the age o f the machine . It is i m p o r t a n t to f i n d a 

balance be tween the age o f the machine a n d its per formance . W h e n des ign ing and 

deve loping an i n d u c t i o n machine , i t can be advantageous to k n o w i f the m a c h i n e w i l l 

be p o w e r e d b y a f requency converter. The t h e r m a l c o n d i t i o n o f the m a c h i n e at w o r k 

w i l l a lways be affected b y the d imens ions o f the machine , but special modi f i ca t ions 

to the m a c h i n e can achieve better per formance . The p u b l i c a t i o n [9] states that these 

possibi l i t ies have not yet been f u l l y explored. Despi te this , some are expla ined i n 

the thesis. A c c o r d i n g to [10] a n d [11], the basic tasks o f i n d u c t i o n motors w i t h fre­

quency converters inc lude p u m p s , fans, compressors , c o n v e y o r belts, robots , a n d cranes. 

The master thesis is a c o n t i n u a t i o n o f the semestral thesis. The sect ion o n 

measurement uncertaint ies is taken f r o m the first semestral thesis [12]. The first, second 

a n d t h i r d chapters are taken f r o m the second semestral thesis [13]. 
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1 Induction motor fed by frequency converter 

1.1 Induction motor with frequency converter 

Induc t ion converter - fed motors are v e r y popular . P o w e r i n g an i n d u c t i o n m o t o r w i t h 

a f requency converter br ings several advantages. W e can effectively change the rotor 

speed and thus inf luence the p o w e r r e q u i r e d at the shaft under var iable loads. For ex­

ample , d u r i n g start-up w e can s p i n the i n d u c t i o n m o t o r u s i n g r a m p characterist ics [14]. 

C o m b i n a t i o n o f i n d u c t i o n m a c h i n e and f requency converter became especial ly p o p u l a r 

w i t h the a r r i v a l o f eff ic iency standards, w h e n there w a s a need to increase the eff ic iency 

o f i n d u c t i o n machines , but there are also some disadvantages to p o w e r i n g the m o t o r 

w i t h a f requency converter l ike addi t iona l h a r m o n i c losses. The b o o k [15] defines the 

occurrence o f the lowest h a r m o n i c near the s w i t c h i n g frequency. In order to approach 

the ideal sine w a v e f o r m , h i g h possible s w i t c h i n g f requency is required. M o d u l a t i o n 

methods do not have a constant f requency s p e c t r u m because their s w i t c h i n g f requency 

is not f ixed. The s w i t c h i n g f requency that changes the current i n the i n d u c t i o n m o t o r is 

l i m i t e d b y the transient i n d u c t i o n o f the motor . The transient inductance describes the 

inductance o f the m a c h i n e d u r i n g a fast pulse at the output o f the inverter . The rotor 

responds to such a pulse b y its leakage inductance . The b o o k [15] goes o n to describe 

that transient inductance can be equated to short c i rcui t inductance , but this is not ap­

pl icable i n pract ice because there are different magnet ic states i n the measurement . In 

m o d e r n c o n t r o l methods u s i n g the vector m e t h o d , the pulses do not have to f o l l o w a 

predef ined m o d u l a t i o n scheme, but i n the steady state the pulse pat tern is chosen to 

represent the induct ive l o a d as m u c h s inuso ida l current as possible. C o n t r o l l i n g the i n ­

d u c t i o n m o t o r (IM) b y a converter is not an easy task. In the development o f m o t o r 

cont ro l , the thyr is tors used, operat ing at l o w s w i t c h i n g frequencies, created such losses 

that the rated p o w e r o f the machine h a d to be reduced. T h y r i s t o r inverters operated at 

frequencies i n the hundreds o f hertz , resu l t ing i n s l o w voltage rise. W i t h the l o w vol t ­

age rise, i n s u l a t i o n was saved, but the m o t o r wires h a d to be kept short. H o w e v e r , w i t h 

today's advances i n technology, the s w i t c h i n g f requency has m o v e d into the k i l o h e r t z 

range, and filters l i m i t the voltage steepness to protect the w i n d i n g s . 

1.1.1 Negative effects 

The thesis [14] explains that the h i g h s w i t c h i n g f requency o f the transistors results i n 

a h i g h steepness o f the voltage at the output o f the converter. This p h e n o m e n o n causes 

h igher stress o n the i n s u l a t i o n o f the conductors a n d is caused b y the parasi t ic capacities 

o f the conductors , w h e r e the u n e v e n voltage values i n the conductors are d is t r ibuted to 

the edges o f the m o t o r w i n d i n g . A n o t h e r issue is h igher dielectr ic losses, w h i c h also 
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occur due to h i g h voltage gradients. B o t h problems can be prevented b y enhanced i n ­

sulat ion. Capac i t ive currents also h a p p e n i n w i n d i n g a n d m o t o r frame. The center of 

the w i n d i n g i n the star c i rcui t a n d the i m a g i n a r y center o f the inver ter voltage is at a 

different potent ia l . The centers are not connected, so there s h o u l d be no voltage effects, 

but i n the real case there are parasi t ic capacitances be tween the w i n d i n g and the frame. 

Capac i t ive currents caused b y the potent ia l difference w i l l f l o w t h r o u g h these points . 

For this reason, it is i m p o r t a n t to t h o r o u g h l y g r o u n d the m o t o r a n d use cable sh ie ld­

i n g . W h e n u s i n g m e c h a n i c a l bearings, bear ing currents can occur. M e c h a n i c a l bearings 

s h o u l d never be i n v o l v e d i n the t r a n s m i s s i o n o f e lectr ical energy. Disser ta t ion [16] ex­

plains that the capacit ive currents described earlier, w h i c h f l o w t h r o u g h the w i n d i n g 

a n d m o t o r frame, can also f l o w t h r o u g h m e c h a n i c a l parts such as the shaft a n d bearings. 

Capac i t ive currents reduce the l i fespan o f bearings. O n e l o g i c a l w a y to prevent bear­

i n g currents is to l i m i t capacit ive currents , but this is not a lways possible , so i so la t ing 

the bearings a n d u s i n g a f i l ter i n the inverter is r e c o m m e n d e d . The dissertat ion [16] out­

l ines that the above m e n t i o n e d ar i s ing problems w h e n p o w e r i n g an I M f r o m a f requency 

converter can be a v o i d e d b y design modi f i ca t ions and i n terms o f p o p u l a r i t y o f I M w i t h 

f requency converter, these modi f i ca t ions are done i n almost a l l I M s . D e s i g n m o d i f i c a ­

t ions s h o w n b e l o w i n the table 1.1 can affect the magni tude o f m o t o r losses, but cannot 

be o v e r l y re l i ed u p o n . The cost o f the m o t o r is also i m p o r t a n t to the m o t o r manufacturer , 

w h i c h means that a p o o r l y des igned m o t o r cannot be saved b y such modi f i ca t ions . The 

m a i n modi f i ca t ions that s h o u l d be emphas ized are modi f i ca t ions to w i n d i n g i n s u l a t i o n 

a n d the highest possible s y m m e t r y i n a l l respects. This sect ion o f negative effects also 

inc ludes a d d i t i o n a l h a r m o n i c losses, but these w i l l be descr ibed i n the next chapter. 
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Table 1.1: M e t h o d s to reduce a d d i t i o n a l losses caused b y P W M s u p p l y according to 

[16]. 

Modif ica t ion Description 

W i n d i n g and insulat ion system modifications 

Reinforcement o f i n s u l a t i o n (threaded, 

interphase a n d slotted) 

Respect ing surge 

spikes i n the machine p o w e r s u p p l y 

Reinforcement o f the w i n d i n g i n p u t c o i l 

i n s u l a t i o n 

Respect ing the change i n voltage 

d i s t r i b u t i o n 

Use o f n o n - c o n d u c t i v e bandages A v o i d i n g heat ing b y i n d u c e d currents 

Use o f semiconduct ive varnishes for 

i m p r e g n a t i o n 

A v o i d i n g surface and s l i d i n g 

discharges 

W i n d i n g w i t h para l l e l conductors and 

d i s t r i b u t i o n i n para l l e l branches 

Respect ing the increased 

inf luence o f the s k i n effect 

C h a n g e i n w i n d i n g scheme Better suppress ion o f h a r m o n i c s 

Modif ica t ion of the bearing assembly 

Use o f insula ted bear ing 
A v o i d i n g l o w frequency bear ing 

currents 

U s i n g a h y b r i d or ceramic bear ing 
A v o i d i n g the effect o f bear ing currents 

o n the bear ing 

Insta l l ing brushes at bearings a n d 

m a i n t a i n i n g perfect b r u s h to shaft 

contact 

L i m i t i n g the effect o f shaft voltage a n d 

shaft voltage o n the bearings 

G e n e r a l l y i n s e r t i n g i n s u l a t i o n in to each 

ant ic ipated current p a t h 

Other possible modifications 

Insulat ing m o t o r components 

P r e v e n t i n g u n c o n t r o l l e d current flow 

f r o m 

i n d u c e d voltages 

E x t e r n a l v e n t i l a t i o n 
Improve m a c h i n e c o o l i n g w i t h greater 

depth o f regula t ion 

N u m b e r o f slots per pole chosen as a n 

integer a n d the slots rotated b y one slot 

spac ing 

Suppress ing des ign h a r m o n i c s a n d 

i n d u c t i o n o f current generated b y 

bearings 

A l l components des igned a n d 

m a n u f a c t u r e d w i t h m a x i m u m possible 

s y m m e t r y 

A i r gap tolerances o f + 10% m a i n t a i n e d 
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1.1.2 Drive characteristics 

The l e a r n i n g text [17] describe that a l t h o u g h i n d u c t i o n motors are u s u a l l y designed 

for 50 hz , they are capable o f operat ing at twice that f requency w i t h o u t fur ther m o d i ­

f icat ion. This capabi l i ty decreases w i t h rotor size, w h e r e the m e c h a n i c a l propert ies of 

the rotor tend to be more cr i t i ca l a n d more stressed. The fan c o o l i n g the m o t o r w i l l also 

get faster, a n d so w i l l its noise. Three f requency ranges are descr ibed for the I M t h e r m a l 

per formance l i m i t w i t h a transducer. If the stator f requency is greater t h a n the rated 

frequency, then the m o t o r is i n the flux w e a k e n i n g reg ion . A s the name impl ies , this is 

the r e g i o n w h e r e the flux l inkage is reduced, the m o t o r operates at rated current , and 

c o o l i n g is more efficient because the fan spins at a h i g h e r speed despite increased a d d i ­

t i o n a l losses. There is no temperature p r o b l e m i n this mode. I n constant torque mode, 

the temperature p r o b l e m does not occur because as the speed decreases at constant cur­

rent, the i r o n losses decrease w i t h square o f speed, but the c o o l i n g air f r o m the fan drops 

l inear ly . In the reduced torque mode , b e l o w h a l f the rated m o t o r speed, the m o t o r does 

not c o o l w e l l because the a i r f l o w is not as efficient. C o p p e r losses must be regulated b y 

stator current , the machine torque drops. A s the speed decreases, the b r e a k d o w n torque 

also decreases, w h i c h compensates for the over load rat io. 

1.1.3 C o n t r o l and m o d u l a t i o n methods 

The m o t o r is p o w e r e d b y the voltage generated at the inver ter output b y P W M m o d ­

ula t ion . T y p i c a l P W M m o d u l a t i o n w a v e f o r m at the inverter output . 
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Figure 1.1: Pulse w i d t h m o d u l a t i o n , r e d r a w n f r o m [18]. 

Several methods are used for i n d u c t i o n m o t o r contro l , d e p e n d i n g o n the appl ica t ion . A r ­

ticle [19] shows that the addi t iona l losses ar i s ing f r o m the inver ter cannot be in f luenced 

too m u c h b y the c o n t r o l m e t h o d , therefore, there is genera l ly no best c o n t r o l m e t h o d 

chosen. A n older but p o p u l a r style o f m o t o r c o n t r o l inc ludes scalar contro l . The bache­

lor thesis [20] shows the advantages o f this m e t h o d , w h e r e s i m p l i c i t y and cheapness can 

account for its popular i ty . The c o n t r o l p r i n c i p l e is based o n c h a n g i n g the ampl i tude and 
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f requency o f scalar quantit ies such as voltage, current , a n d magnet ic flux. The thesis [21] 

adds that the scalar c o n t r o l must change the magni tude o f the voltage as the f requency 

changes. This mainta ins the rat io o f stator voltage to frequency, so that the magnet ic flux 

o f the m o t o r remains constant. Thesis [20] then explains that the constant flux reg ion is 

capable o f v a r y i n g the ro ta t iona l speed f r o m zero to n o m i n a l speed. N o sensing o f the 

p o s i t i o n or speed o f the rotor is r e q u i r e d for such contro l , w h i c h m a y also appear to be 

a disadvantage. S imple m o t o r speed cont ro l is an advantage, but this m e t h o d achieves 

some inaccuracies a n d can o n l y w o r k effectively at steady state. The d y n a m i c propert ies 

o f the c o n t r o l l e d sys tem are problemat ic for s u c h contro l , due to transients that do not 

affect the p o s i t i o n o f the space vectors [20]. In the constant p o w e r reg ion , the f requency 

increases above the n o m i n a l power , the voltage remains constant, a n d the m o t o r torque 

decreases as the m o t o r flux decreases. 
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Figure 1.2: Vol tage cont ro l o f i n d u c t i o n m o t o r w i t h area o f constant flux a n d constant 

power , r e d r a w n f r o m [17]. 

Vec tor c o n t r o l is expla ined i n thesis [22], w h i c h describes that the p r i n c i p l e is a feed­

back c o n t r o l o f the p o s i t i o n o f the magnet ic flux i n the machine . The feedback loops of 

the current make it possible to achieve g o o d d y n a m i c c o n t r o l characteristics. The i n ­

d u c t i o n m o t o r is contro l l ed b y the magni tude o f voltage, current , and coupled stator 

magnet ic flux. The c o n t r o l is p e r f o r m e d i n the d-axis a n d q-axis u s i n g D C values and is 

dependent o n the rotor speed a n d angle i n f o r m a t i o n . In the d-axis, the desired a n d ac­

tua l couple d magnet ic flux is c o m p a r e d a n d i n the q-axis the speed or torque control ler 

is overr idden . In pract ice , the use o f rotor flux cont ro l is preferred. The p u b l i c a t i o n [23] 

shows that different types o f voltage m o d u l a t i o n affect the output shape o f the voltage 

w a v e f o r m that reaches the m o t o r input . Three different c o m m e r c i a l l y used voltage con­

verters, each u s i n g a different m o d u l a t i o n m e t h o d . Before m o v i n g o n to the de f in i t ion 

o f the three m a i n m o d u l a t i o n s , w e need to define the t e r m carr ier frequency. The carrier 

f requency is a f i x e d f requency that defines the potent ia l o f the s w i t c h i n g instants. In 

carr ier-based m o d u l a t i o n , the m a x i m u m s w i t c h i n g f requency is the carr ier f requency 
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a n d the actual s w i t c h i n g f requency is smaller. 

D i r e c t torque c o n t r o l ( D T C ) is a k i n d o f P W M c o n t r o l that has the advantage of 

fast m a c h i n e torque cont ro l , robustness, a n d s imple design. Disadvantages inc lude h i g h 

torque r ipple a n d variable s w i t c h i n g frequency. D T C has a different effect o n h a r m o n i c 

losses due to the use o f carr ier-based s w i t c h i n g i n c o m p a r i s o n to the constant s w i t c h ­

i n g frequency. Thesis [22] defines the p r i n c i p l e as c o n t r o l l i n g magnet ic flux a n d torque 

b y direct c o n t r o l o f re lay control lers w i t h hysteresis w i t h o u t current loops. The stator 

current and voltage are i n d i r e c t l y here, a n d this means that there is no need to trans­

f o r m the parameters . The magnet ic f ie ld o f the stator is f o r m e d b y voltage vectors. The 

torque here is therefore contro l l ed b y the angle o f the stator a n d rotor vectors o f the flux 

l inkage . Increasing the angle be tween these vectors decreases or increases the value of 

the m o t o r torque. The values o f the flux l inkage angle v a r y b y select ing the voltage vec­

tor d e p e n d i n g o n the sector i n w h i c h i t is located. In D T C , u n l i k e P W M methods, the 

s w i t c h i n g f requency is not f i x e d but depends o n the desired average value dependent o n 

the torque hysteresis bands. This means that there is no predef ined s w i t c h i n g pattern. 

This achieves m i n i m i z a t i o n o f the p u l s a t i o n and f requency v a r i a t i o n . 

Figure 1.3: D i r e c t torque cont ro l , r e d r a w n f r o m [22]. 

P u b l i c a t i o n [23] fur ther describes that space vector pulse w i d t h m o d u l a t i o n 

( S V P W M ) is the s tandard for s w i t c h i n g p o w e r converters . For S V P W M , the output vo l t ­

age is def ined b y the t u r n - o n t ime o f the vectors , the s a m p l i n g t ime, and the voltage 

vectors themselves. S V P W M schemes are def ined u s i n g the zero-voltage vector. The 

zero voltage vector is chosen o n the basis o f the least n u m b e r o f s w i t c h i n g operat ions. 

S y m m e t r i c a l T w o - P h a s e M o d u l a t i o n ( D P W M ) is another vec tor -contro l l ed m e t h o d . It 

uses two-phase m o d u l a t i o n a n d the t h i r d phase is s w i t c h e d 60° to the D C bus to increase 

the eff ic iency o f the converter. Theoret ical ly , the m o d u l a t i o n f requency is reduced b y 

o n e - t h i r d , w h i c h also reduces the s w i t c h i n g losses b y o n e - t h i r d c o m p a r e d to the p r e v i ­

ous method . The disadvantage is h i g h current h a r m o n i c s at l o w m o d u l a t i o n . 
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1.1.4 C o m p a r i s o n of m o d u l a t i o n methods 

The analysis o f a 37 k W i n d u c t i o n m o t o r fed b y a f requency inver ter was described 

i n a p u b l i c a t i o n [23] u s i n g the three methods m e n t i o n e d i n the prev ious sect ion. This 

p u b l i c a t i o n c o m p a r e d the measured converter - fed I M losses w i t h the m o d e l e d ones. U s ­

i n g a software w i t h F E M , the recorded voltage w a v e f o r m s o f three different m o d u l a t i o n 

methods were i n p u t into the m o d e l . Fur thermore , the s tudy m o n i t o r e d the T H D of the 

voltage a n d current w a v e f o r m s as the m o t o r l o a d changed for the three m o d u l a t i o n 

methods. T H D values for carr ier-based m o d u l a t i o n , such as S V M a n d D P W M are close 

to each other c o m p a r e d to the T H D of the D T C m e t h o d , w h i c h is s igni f i cant ly higher. 

The highest T H D value occurs at the l o a d 25% a n d then decreases. The different value of 

these methods arises because o f the actual s w i t c h i n g frequency, w h i c h is different f r o m 

the theoret ica l one. The the second one is l o w e r because o f o v e r - m o d u l a t i o n w h e n there 

is excess voltage, whereas D T C has a var iable s w i t c h i n g frequency, a n d this is constant 

for different l o a d values. For c o m p a r i s o n , the f igure 1.4 shows the measured losses o f 

I M fed b y different methods. 
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Figure 1.4: C o m p a r i s o n o f m o d u l a t i o n methods w i t h total losses for 37 k W motor , re­

d r a w n f r o m [24]. 

The results o f the p u b l i c a t i o n s h o w that w h e n the measured losses o f a l l three m o d ­

ulat ions are c o m p a r e d w i t h those s imula ted b y F E M , the s i m u l a t i o n results are quite 

consistent w i t h the measured results. The differences arise at v e r y l o w l o a d values and 

most so for the D P W M . For the differences i n the i n d i v i d u a l loss components f r o m the 

a n a l y z e d measurement data versus the F E M , the p u b l i c a t i o n describes the s m a l l differ­

ences and w h y they occurred. For the stator losses, the difference i n magni tude o f the 

losses arose because the ampl i tude o f the inverter ' s f u n d e m e n t a l voltage is smal ler t h a n 
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the ampl i tude o f the s inuso ida l voltage. The i r o n loss ca lcula t ion differs the most be­

cause F E M considered the losses b y h a r m o n i c s f r o m P W M . These losses increased w i t h 

load , w h i l e the measured losses decreased w i t h l o a d as the voltage drop increased due 

to the larger resistive load. The rotor losses calculated f r o m the measured values were 

l o w e r because they d i d not consider h a r m o n i c losses a r i s ing f r o m air gap. In summary , 

it is not possible to compare m o d u l a t i o n methods based o n this one s tudy alone because 

o f the compl i ca ted s w i t c h i n g f requency settings. 

1.1.5 Loss characteristics of inverter-fed induct ion machine 

The p u b l i c a t i o n [25] defines the loss characterist ics o f an i n d u c t i o n m o t o r fed f r o m 

a f requency converter. The motors tested are i n the p o w e r range 5.5 to 55 k W a n d the 

losses w i t h s inuso ida l s u p p l y a n d inverter s u p p l y are compared. The segregation o f 

losses m e t h o d is used to determine the m o t o r losses, w h i c h is one o f the m a i n methods of 

d e t e r m i n i n g m o t o r losses. The p u b l i c a t i o n also explains the problems w i t h this m e t h o d 

that arise due to the P W M s u p p l y to the motor . The s tandard d e f i n i n g the segregation of 

losses test m e t h o d defines a D C resistor for ca lcula t ing Joule losses i n the stator, w h i c h 

means that a d d i t i o n a l losses due to s k i n effect a n d p r o x i m i t y effect are cons idered i n 

the s t ray- load losses section. These a d d i t i o n a l losses are increased especial ly w h e n the 

p o w e r is s u p p l i e d f r o m P W M , m e a n i n g that i t w o u l d be more appropriate to use an A C 

resistor that considers these losses i n the ca lcula t ion . For the Joule ro tor losses, a p r o b l e m 

arises i n the n o - l o a d c o n d i t i o n because the n o - l o a d i r o n loss is t ight ly c o u p l e d to the 

Joule rotor losses a n d cannot be measured direct ly. U s i n g F E M , i t is possible to calculate 

the value o f n o - l o a d i r o n losses because it considers the s k i n effect and then subtract 

the losses to obta in the value o f Joule losses i n the rotor. In the study, exper imenta l 

measurements are then p e r f o r m e d , w h e r e n o - l o a d and f u l l - l o a d test are p e r f o r m e d and 

the different components o f losses for a 30 k W m o t o r are described. The stator Joule 

losses were s l ight ly h igher at h igher l o a d w i t h P W M s u p p l y c o m p a r e d to s inuso ida l 

supply , but at v e r y l o w l o a d the losses w i t h P W M s u p p l y increased v e r y m u c h compared 

to s inuso ida l w a v e f o r m s up to 54.4 %. The same is the case for the Joule losses i n the rotor, 

w h e r e s i m i l a r results as i n the stator are s h o w n . For the i r o n core losses, a s ignif icant 

increase i n losses is seen b y u s i n g P W M p o w e r supply. The difference is a r o u n d 15%, but 

this k i n d o f losses is l i t t le dependent o n the l o a d magni tude . 

In the last part o f the paper, s t ray- load losses are described, w h e r e i t can be seen 

that the losses increase b y a s ignif icant f rac t ion w i t h the P W M p o w e r s u p p l y a n d do not 

depend o n the m o t o r load. 
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Figure 1.5: E x a m p l e f igure o f core loss for the 30 k W motor , r e d r a w n f r o m [25]. 

1.2 Motor development for inverter-fed machine 

Study materials [17] define that the speed o f an i n d u c t i o n m a c h i n e depends o n the 

stator frequency, w h e r e the rotor rotates at a speed equal to the va lue o f this f requency 

reduced b y a percentage o f the s l ip value. U s i n g a f requency converter, i t is possible 

to s u p p l y the m a c h i n e w i t h a three-phase voltage o f a different stator f requency and 

thus change its speed. The p u b l i c a t i o n [24] defines that i n d u c t i o n motors des igned for 

inverter s u p p l y do not need to consider the prob lems that arise w i t h h i g h start ing cur­

rents i n the ir design. This means that the rotor resistance does not need to be as h i g h and 

a single cage is sufficient c o m p a r e d to a double cage. The mater ia l [17] fur ther explains 

that voltage source inverters w i t h a D C voltage l i n k are preferred for most m o t o r a p p l i ­

cations. Pulse w i d t h m o d u l a t i o n creates a n e w voltage w i t h v a r y i n g frequency, w h e r e 

the magni tude o f the l ine - to - l ine voltage is de termined b y the size o f the pulses. The 

magni tude o f the stator voltage is p r o p o r t i o n a l to the magni tude o f the frequency, so 

to m a i n t a i n the constant f lux l inkage , the voltage also changes w h e n the f requency is 

changed. A f t e r o b t a i n i n g the m a x i m u m output voltage, w h e n the f requency is increased, 

the operat ion reaches the part w h e r e the m a g n e t i z i n g current decreases, a n d w i t h i t the 

magnet ic f lux. This also weakens the m a c h i n e torque, but as the speed increases, the 

output remains constant. The p o w e r mode o f the state is l i m i t e d b y the f requency w h e n 

the b r e a k i n g torque drops to the l o a d torque requirement . 

1.2.1 Inverter technology 

The materials [17] also out l ine drive technology, w h i c h consists o f different types 

o f inver ter switches that are used for the desired inverter characterist ics. T u r n off gate 

thyr is tors ( G T O ) are chosen for h igher voltage l i m i t s , a n d a u x i l i a r y c i rcui t thyr is tors 

are chosen for frequencies b e l o w 500 hz. F o r l o w e r voltages, meta l oxide semiconductor 
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field effect transistors ( M O S F E T ) are used, a n d insula ted gate b ipo lar transistors ( IGBTx) 

w i t h a range o f 200 to 6000 V are most c o m m o n l y used. A speed sensor is not needed 

to c o n t r o l an i n d u c t i o n m o t o r w i t h a f requency converter. W h e n the l o a d changes, the 

sl ip o f the m o t o r w i l l also change, the speed is not constant, and speed osci l la t ions m a y 

occur. These osci l la t ions occur at l o w frequencies w h e n the rotor f lux change constant 

is less t h a n the voltage p e r i o d . B y u s i n g a speed sensor a n d speed c o n t r o l it is possible 

to reduce osci l lat ions at l o w rotor speed. 
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Figure 1.6: D i g i t a l speed c o n t r o l o f inver ter - fed i n d u c t i o n machine , r e d r a w n f r o m [17]. 

Step-up o f set-point speed speed response a), step-up a n d s t e p - d o w n i n l o a d torque speed 

response b) 

1.2.2 Features of a high-performance converter-fed induct ion motors 

Some machines w i l l require external c o o l i n g due to the d e m a n d i n g duty cycle w h e r e 

f u l l machine torque is constant ly needed. This case is expla ined b y [17], the temperature 

can be contro l l ed b y a temperature sensor that is p laced o n the w i n d i n g a n d serves as 

overheat ing pro tec t ion u s i n g an a u x i l i a r y external fan that is independent . F o r a v e r y 

efficient use o f the m a c h i n e v o l u m e , w h i c h means to des ign a m o t o r w i t h a dense p o w e r 

v o l u m e , the c o o l i n g needs to be i m p r o v e d b y u s i n g , for example, water c o o l i n g , w h i c h is 

more efficient. S u c h motors are often f o u n d i n t ransport appl icat ions or tools. C h a n g i n g 

the c o o l i n g f r o m air to water can increase the transfer coefficient b y u p to three times 

a n d thus increase the p o w e r output b y up to 40%. 

Important features inc lude h i g h d y n a m i c per formance w h i c h is made up o f l o w i n ­

ert ia a long w i t h over load capabil i ty. W i t h a l o w ratio o f i n t e r n a l stator diameter to stack 

length , l o w m o t o r iner t ia can be achieved, but care m u s t be taken to ensure that the rotor 

is not too t h i n for l o w n a t u r a l b e n d i n g frequencies. A n o t h e r feature o f h i g h - p e r f o r m a n c e 

I M fed b y converters tends to be the speed sensor, w h i c h a l lows p r o p e r cont ro l over a 
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w i d e speed range w i t h constant p o w e r output . This feature is especial ly i m p o r t a n t for 

var ious tools w h e r e speed is i m p o r t a n t for the per formance o f the w o r k , for example 

cut t ing . 

There are also b i g differences i n the des ign o f i n d u c t i o n m a c h i n e that w o r k s direct ly 

f r o m the g r i d or is p o w e r e d b y a f requency converter. A n I M w o r k i n g f r o m the l ine 

s u p p l y operates w i t h a f i x e d l ine f requency a n d a s l ip r a n g i n g f r o m 0 to 1, w h i l e an I M 

fed f r o m an inverter has a var iable f requency a n d operates w i t h a n o m i n a l s l ip or zero 

sl ip. There are a lways some trade-offs to o p t i m i z i n g these p o w e r s u p p l y methods. For 

example, for a l ine-operated I M there is a trade-off i n leakage inductance , w h e r e a s m a l l 

value o f leakage inductance is needed for a large b r e a k d o w n torque, but a h i g h value is 

needed for a s m a l l s tar t ing current , but again a s m a l l value is needed for a large start ing 

torque. For inver ter -operated I M , a trade-off arises m a i n l y i n terms o f addi t iona l losses, 

w h e r e a larger air gap and at the same t ime leakage inductance is needed, but a smaller 

air gap is needed for a s m a l l m a g n e t i z i n g current . 

1.2.3 Pole count 

N e x t , the text [17] describes the appropriate choice o f pole count. W i t h a h i g h rotor 

speed it is i m p o r t a n t to have a l o w pole count for l o w e r stator frequency, w h i c h has 

a direct effect o n i r o n losses, current displacement i n w i n d i n g a n d l i m i t i n g s w i t c h i n g 

frequency. The most c o m m o n l y used I M des ign for inverter p o w e r s u p p l y is the four 

pole m a c h i n e because the t w o pole machine has some advantages. In c o m p a r i s o n , the 

t w o pole machine w i l l be larger, so a larger rotor y o k e is needed for magnet ic f lux. F u r ­

ther, also larger c o i l span w h i c h causes large w i n d i n g overhangs w h i c h fur ther increases 

copper losses a n d takes up space. W h e n c o m p a r i n g rotor d y n a m i c s , a four pole m a c h i n e 

is preferable because i n a t w o pole m a c h i n e there is a worse effect o f elastic b e n d i n g 

o f the rotor f o r m e d b y unba lanced magnet ic p u l l due to a smal ler air gap o n one side. 

This effect then worsens the f lux densi ty characteristics i n the air gap, a n d it forms a 

p u l s a t i n g force o f twice the f requency at the locat ions o f the smal ler air gap. For four 

pole machines a n d more , these pulses occur at a h i g h e r f requency and are thus able to 

operate over a larger range. 

1.2.4 H a r m o n i c s 

The output voltage f r o m the f requency converter is made up o f rectangular pulses of 

a cer ta in size to f o r m a s inuso ida l w a v e f o r m . Lecture text [17] explains that s w i t c h i n g 

for asynchronous s w i t c h i n g , the s w i t c h i n g f requency o f the transistors is f i xed a n d i n ­

dependent o f the f u n d a m e n t a l frequency. S y n c h r o n o u s s w i t c h i n g uses the rat io o f the 

transistor s w i t c h i n g f requency to the stator f requency as a f ixed value a n d an integer 

o d d number , this m e t h o d is more suitable for more p o w e r f u l machines . A s far as w i n d i n g 
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c o n n e c t i o n is concerned, i t is better to use star connec t ion because its t ime dependent 

f u n c t i o n fits better i n s inuso ida l t ime f u n c t i o n c o m p a r e d to delta. 

The b o o k [15] explains h o w a P W M inver ter can increase losses i n an i n d u c t i o n m a ­

chine. H i g h f requency current components cause a s k i n effect i n the w i n d i n g s . This is 

especial ly true for large machines w h e r e the w i n d i n g s are made u p o f a large piece of 

w i r e . These components fur ther cause a d d i t i o n a l h i g h f requency components i n the air 

gap and affect the flux densi ty w a v e f o r m s , increas ing losses i n the i r o n . These losses are 

reduced b y the leakage inductance effect. In part icular , the rotor surface can f o r m losses 

due to the P W M p o w e r supply. A part o f the t ime h a r m o n i c s passes t h r o u g h the magne­

t i z i n g inductance , f o r m i n g addi t iona l h a r m o n i c losses i n the air gap, the magni tude of 

this part corresponds to the rat io o f magnet ic flux leakage a n d m a g n e t i z i n g inductance . 

The eddy current losses ar i s ing i n the rotor bars a n d i n the i r o n reduce the magni tude 

o f the h a r m o n i c losses, therefore these losses are most at the surface. To reduce these 

surface losses it is advisable to have a rotor w i t h o p e n slots. The [15] b o o k also ment ions 

a p o p u l a r type o f slot that is des igned to reduce losses. 

Figure 1.7: E x a m p l e o f slot o p e n i n g t y p i c a l for inventer motors , r e d r a w n f r o m [15]. 

A d d i t i o n a l losses are also increased as a result o f current displacement, w h i c h occurs at 

h i g h f requency m o s t l y i n the rotor conductors a n d increases the A C resistance o f the 

bars. The special shape o f the bars i n the rotor a l lows one to reduce the losses for I M fed 

b y the f requency converter. A s for current displacement , r o u n d shape bars are the most 

resistant to s u c h p h e n o m e n o n . This shape is disadvantageous for h i g h i r o n saturat ion 

for n a r r o w rotor teeth. For a compromise , ova l - shaped slots are r e c o m m e n d e d w h e r e a l l 

rotor teeth have the same w i d t h be tween the slots. The propert ies o f ova l - shaped slots 

can be fur ther enhanced. 

R o t o r b a r 
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Figure 1.8: Rotor o v a l slots, r e d r a w n f r o m [17]. 

D r a w n rotor slots are o u t l i n e d b y [17], T y p e B and C have bridges be tween the slot 

a n d the edge o f the rotor y o k e . This causes more leakage flux to flow t h r o u g h these 

areas t h a n i n T y p e A w h e r e the reluctance is greater. The l o w e r reluctance o f type B 

a n d C a l lows more current h a r m o n i c s to be reduced. The first type A semi-c losed has 

the lowest leakage inductance o f the three types. A t the edge o f the open slot o f the bar, 

eddy-currents w i l l be i n d u c e d due to the f ie ld change i n the air gap, w h i l e this effect can­

not take place i n the c losed slots. Slot B w i l l be s l ight ly easier to manufacture t h a n Slot 

C , d u r i n g manufacture errors m a y occur o n the surface o f the laminates a n d this m a y 

increase addi t iona l losses. The m a i n difference o f C over B is the added extra slot w h i c h 

causes a by-pass for rotor stray flux, this increases leakage inductance a n d reduces cur­

rent h a r m o n i c s . F o r a trade-off o f reduced losses but h igher b r e a k d o w n torque, slot B is 

used. U t i l i z i n g slot A c o u l d increase losses i n such a w a y that the stator w i n d i n g tem­

perature w o u l d increase b y u p to five K e l v i n , w h i c h can be a v e r y s ignif icant difference 

for the operat ing temperature o f the motor . A n o t h e r w a y to reduce current h a r m o n i c s 

is to increase the s w i t c h i n g frequency. Increasing the s w i t c h i n g f requency w i l l change 

the rat io a n d thus reduce the voltage h a r m o n i c s a n d also reduce the current harmonics , 

w h i c h w i l l reduce the losses i n the rotor bars. H o w e v e r , increas ing the s w i t c h i n g fre­

quency w i l l increase the s w i t c h i n g losses o f the transistor, these increase l i n e a r l y w i t h 

f requency so i t is advisable to f i n d the o p t i m u m value . 

P o w e r i n g the m a c h i n e w i t h a f requency converter also creates a torque r ipple . 

Torque r ipple is created b y a d d i t i o n a l h a r m o n i c s that are generated b y the magnet ic 

f ie ld i n the air gap. This magnet ic f ie ld is a product o f the h a r m o n i c currents i n the sta­

tor a n d w i t h the in terac t ion w i t h the h a r m o n i c currents i n the rotor, a tangent ia l force 

a n d thus an a d d i t i o n a l torque is generated. The added m o m e n t arises w h e n the rotor 

h a r m o n i c s are o f a different order i n the case o f o l d h a r m o n i c s , because the f u n d a m e n t a l 

current is a f irst order h a r m o n i c . A p u l s a t i n g addi t iona l torque also arises i f the o r d i ­

n a l n u m b e r o f the h a r m o n i c is the same for b o t h rotor and stator, but its magni tude is 

negl igible . 
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1.2.5 Noise 

Problems associated w i t h the f requency converter inc lude acoustic noise. S tudy text 

[17] describes h o w is noise created, noise arises f r o m h a r m o n i c s i n the slot, but also 

f r o m the p r e v i o u s l y m e n t i o n e d current h a r m o n i c s a r i s ing i n the air gap. A c o u s t i c noise 

arises magnet i ca l ly w i t h its t o n a l frequency, w h i c h is u s u a l l y about the size o f the p u l s ­

i n g f requency f r o m the transistor (twice the s w i t c h i n g frequency) . For A c o u s t i c noise 

generat ion, the f u n d a m e n t a l h a r m o n i c is the most dominant . The h a r m o n i c f u n c t i o n 

can be w r i t t e n as a rad ia l force densi ty w a v e u s i n g the t r igonometr i c f o r m u l a . The ra ­

d i a l force densi ty w a v e forms an osc i l la t ing p u l l o n the i r o n stack. The largest v ibra t ions 

w h i c h then cause the loudest s o u n d occur at m e d i u m m o d u l a t i o n degree w i t h f requen­

cies. A c o u s t i c noise also arises w h e n the m o t o r is i d l i n g because its magni tude depends 

o n the m a i n magnet ic flux a n d stator current h a r m o n i c s . These quantit ies have their 

f u l l effect o n the m a c h i n e even w i t h o u t load. The noise generated can be reduced b y i n ­

creasing the s w i t c h i n g f requency o f the inverter . W i t h h igher frequency, the magni tude 

o f current h a r m o n i c s is reduced, fur thermore , the sens i t iv i ty o f h u m a n ear to s o u n d is 

reduced and the v i b r a t i o n ampl i tude o f m e c h a n i c a l part is also reduced. The noise can 

also be affected b y the speed range i n the operat ing mode. 

2 kHz 
4 kHz 
8 kHz 
16 kHz 

3000 
Speed (rpm) 

Figure 1.9: N o i s e for different s w i t c h i n g frequencies [17]. 

F o r the torque-constant mode , the magnet i ca l ly exci ted noise is the largest because 

the magnet ic flux does not change a n d is constant. For the constant torque mode , the 

magnet ic flux is attenuated and thus the noise is reduced. Other noise generat ing parts 

inc lude the fan, this tends to be o n s tandard I M s and can be v e r y l o u d at h i g h e r speeds. 

For the fan, a fan blade f requency is def ined w h i c h depends o n the rotor speed a n d the 

n u m b e r o f fan blades. The noise p r o b l e m arises w i t h large motors w h e r e increas ing 

the s w i t c h i n g f requency leads to h i g h s w i t c h i n g losses because more p o w e r needs to be 

swi tched . Larger transistors w o u l d be needed to reduce these losses, but these also tend 

to be m u c h more expensive. M a n u f a c t u r e r s o f large motors get a r o u n d this p r o b l e m w i t h 
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a special strategy cal led w o b b l i n g o f s w i t c h i n g f r e q u e n c y The range o f the s w i t c h i n g 

frequency oscillates be tween t w o values p e r i o d i c a l l y as a s inuso ida l f u n c t i o n . This also 

changes the tona l frequency. The difference arises i n the magnet i ca l ly exci ted s o u n d so 

that at one f requency the s o u n d tends to be v e r y unpleasant to the h u m a n ear a n d at 

the c h a n g i n g f requency the noise changes and mixes , resu l t ing i n a m u c h more pleasant 

sound. 

I M fed b y f requency converters u s u a l l y operate i n the range o f s l ip at f u l l l o a d to 

zero s l ip , i n this w a y they theoret ica l ly a v o i d asynchronous and s y n c h r o n o u s torque 

h a r m o n i c s a r i s ing f r o m s lot t ing at v e r y h i g h s l ip . H o w e v e r , at l o w speed, s l ip at f u l l load 

approaches u n i t y a n d thus torque h a r m o n i c s i n the m o t o r w i l l occur. H o w e v e r , the par­

asitic torque f r o m these h a r m o n i c s does not s h o w u p m u c h because the m o t o r current 

is w i t h i n the rated current range due to the gradual r a m p up due to the converter. F o r a 

l ine-start motor , the s tar t ing current w o u l d be m a n y t imes the rated current . 
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2 Losses of an asynchronous motor fed by a frequency 
converter 

2.1 Induction machine losses 

The losses o f an electric m o t o r can be def ined as the energy lost that does not co n­

tribute to the operat ion o f the motor . The lost energy is conver ted to t h e r m a l energy and 

heats the m o t o r [14]. P u b l i c a t i o n [18] describes that the losses o f an i n d u c t i o n m o t o r 

depend o n several different factors such as the load , f requency o f the voltage source, and 

the size o f the motor . The electr ical w a v e f o r m s o f the s u p p l y voltage have a large effect 

o n the m o t o r losses. If the i n d u c t i o n m o t o r is suppl ied w i t h s inuso ida l voltage, the losses 

are as l o w as possible. N o w a d a y s , it is v e r y p o p u l a r to p o w e r i n d u c t i o n motors w i t h a 

f requency converter, m a k i n g it possible to reduce p o w e r c o n s u m p t i o n i n var iable load 

appl icat ions despite the m o d u l a t e d voltage w a v e f o r m o f the converter b e i n g v e r y far 

f r o m the ideal s inuso ida l w a v e f o r m . N e x t , [18] shows h o w i n d u c t i o n m o t o r losses can 

be categorized according to w h e r e they occur or the ir e lectromagnetic o r i g i n . D e p e n d ­

i n g o n the loca t ion , losses occur i n the w i n d i n g , i r o n , a n d f r i c t i o n and v e n t i l a t i o n losses. 

A c c o r d i n g to the electromagnetic o r i g i n , losses i n the w i n d i n g a n d i n the i r o n can be fur ­

ther classif ied into fundamenta l , space h a r m o n i c , a n d t ime h a r m o n i c losses. H o w e v e r , 

the most c o m m o n classi f icat ion is based o n b o t h the space and e lec tromagnet ism or ig ins . 

Losses i n w i n d i n g s a n d losses i n i r o n consider a l l f u n d a m e n t a l e lectromagnetic losses, 

f r i c t i o n and v e n t i l a t i o n losses inc lude a l l m e c h a n i c a l losses, a n d a l l h a r m o n i c losses are 

c o m b i n e d a n d cal led addit ive losses. F o r i n d u c t i o n m o t o r losses, a s imple d i a g r a m ap­

plies. 

The m o t o r i n p u t p o w e r P i n is f irst reduced b y the losses i n the stator. These losses are 

A P j i A P f e a 

Figure 2.1: Induc t ion m o t o r loss d iagram. 
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d i v i d e d into Joule losses i n the stator w i n d i n g and losses i n the stator laminat ions , w h i c h 

are fur ther d i v i d e d into losses due to eddy currents a n d hysteresis . The p o w e r is then 

transferred t h r o u g h the air gap, a n d i n the rotor i t is again reduced b y Joule losses and 

losses i n the i r o n . Fur thermore , there are m e c h a n i c a l losses due to bear ing f r i c t i o n and 

v e n t i l a t i o n losses o n the shaft. A f t e r these losses, the output p o w e r o f the m a c h i n e P o u t 

is obtained. 

0,75 1,5 3,7 7,5 15 22 37 55 90 160 
M o t o r rated p o w e r (kW) 

Figure 2.2: T y p i c a l d i s t r i b u t i o n o f losses o f four -pole i n d u c t i o n motors , r e d r a w n f r o m 

[18]. 

2.1.1 W i n d i n g losses 

The p u b l i c a t i o n [14] explains that slots f i l l e d w i t h copper wires f o r m the w i n d i n g . In 

i n d u c t i o n machines , a squire l l cage rotor design, u s u a l l y made w i t h a l u m i n u m or copper 

bars, is c o m m o n l y used. The thesis [18] explains h o w losses i n the w i n d i n g constitute 

a s ignif icant p o r t i o n o f the total m a c h i n e losses, especial ly under load. These losses 

correspond to: 

A P j = i ? - J 2 . (2.1) 

In the stator, the current that contributes to these losses is made u p o f the m a g n e t i z i n g 

current a n d the torque-dependent c o m p o n e n t o f the stator current . In the rotor, the joule 

losses are due to the current i n d u c e d i n the squire l l cage depending o n the s l ip a n d the 

rotor load. The losses i n the w i n d i n g are also dependent o n the temperature character­

istic o f the resistance o f the conductor. A s the temperature increases, the resistance of 

the conductor increases according to its coefficient. If the l o a d is constant, a n d hence 

the current i n the stator does not change, then the losses increase w i t h increas ing m o t o r 

temperature. 
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2.1.2 Iron core losses 

A s m e n t i o n e d earlier, i r o n losses can be d i v i d e d into t w o different sources o f o r i ­

g i n . The master 's thesis [18] describes that i r o n losses are more intense i n the stator 

l aminat ions t h a n i n the rotor laminat ions because o f the h i g h e r frequency, as the rotor 

f requency depends o n sl ip. I ron losses are m i n i m a l l y dependent o n l o a d because o f the 

rotor s l ip , w h i c h is l o a d dependent. The dependence o f i r o n losses can be descr ibed b y 

the f o l l o w i n g equations. 

A P f e = P h + P e d = kh • f • Bl + ked • f • B2
m. (2.2) 

E d d y current losses occur f r o m m o v e m e n t and changes i n the magnet ic f ie ld w i t h i n co n­

duct ive materials . In a magnet ic sheet stack, the a l ternat ing current creates a rota t ing 

magnet ic f ie ld , i n d u c i n g eddy currents . Several methods are used to reduce these losses. 

In the case o f an i n d u c t i o n machine , b o t h the stator a n d the rotor are made o f v e r y t h i n 

laminat ions , r e d u c i n g the surface area for i n d u c t i o n o f the eddy current . To further de­

crease eddy current losses, spec ia l ly magnet i ca l ly or iented sheets w i t h s i l i c o n addit ives 

can be e m p l o y e d , p a r t i c u l a r l y i n transformers . In the rotor, the losses caused b y eddy 

currents are re la t ive ly smal ler c o m p a r e d to the stator. 

Hysteres is losses depend o n the magnet ic propert ies o f the meta l sheets. W h e n a 

magnet ic f ie ld is appl ied to a ferromagnet ic mater ia l , the magnet ic dipoles a l i g n w i t h 

the d i rec t ion o f the magnet ic f ie ld. The sheets m a i n t a i n this a l ignment even after the 

magnet ic f ie ld is removed. W h e n a magnet ic f ie ld w i t h the opposite d i rec t ion is appl ied , 

energy is needed to change the or ienta t ion o f the sheets. This energy is then released as 

heat a n d behaves as a loss. The magnet ic f i e ld o f the stator changes w i t h the f requency 

o f the source, and the magnet ic f ie ld o f the rotor changes w i t h a reduced f requency of 

the source due to s l ip. 

P u b l i c a t i o n [14] explains the hysteresis losses o f the first h a r m o n i c o n the static B - H 

curve d u r i n g one cycle. P r o p e r mater ia l select ion is c ruc ia l for h i g h - f r e q u e n c y appl ica ­

t ions. Thesis [14] descr ibed that the per fec t ion o f the crysta l l ine structure determines 

the size o f the hysteresis . V a r i o u s i m p u r i t i e s a n d contaminants present i n the fer romag­

netic mater ia l , caus ing dis tort ions i n the crys ta l structure. Fur thermore , the hysteresis 

losses considered i n this sect ion a p p l y o n l y to hysteresis losses due to the first h a r m o n i c . 

Res idual magnet ic f lux densi ty defines h o w m u c h res idual m a g n e t i z a t i o n remains i n the 

magnet ic sheet after the source o f magnet iza t ion or external magnet ic f ie ld is d i scon­

nected. In i n d u c t i o n machines , sheets o f magnet i ca l ly soft materials w i t h smal ler h y s ­

teresis loops are used to l i m i t hysteresis losses. Coerc ive magnet ic f i e ld s trength Hc 

defines h a r d a n d soft magnet ic materials . Its value describes h o w easi ly a mater ia l can 

be demagnet ized, w h i c h means that the mater ia l loses its magnet ic propert ies . The p a ­

per [26] describes an i r o n loss m o d e l w i t h o p t i m i z e d ca lculat ion . The basic f o r m of the 
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equat ion to describe the losses i n i r o n is s h o w n above. F r o m this m a t h e m a t i c a l m o d e l it 

is possible to express a re la t ion descr ib ing a l inear l ine , w h e r e the coefficients k define 

its propert ies . To increase the accuracy o f the m o d e l , it is necessary to consider the de­

pendence o f the coefficients o n the magnet ic f ie ld propert ies a n d temperature. A t l o w 

s w i t c h i n g frequency, a worse s i n u s o i d a l current w a v e f o r m is p r o d u c e d , w h i c h affects 

the shape o f the f lux density. This results i n s m a l l hysteresis loops , w h i c h cause hystere­

sis losses a n d also a d d i t i o n a l eddy current losses. To better describe hysteresis loops, 

the paper [26] introduces a coefficient descr ib ing the rat io o f hysteresis losses w i t h and 

w i t h o u t loops. 

B (T) ; 

k < 

H ( A / m 

Figure 2.3: Static B - H curve . 

2.1.3 M e c h a n i c a l losses 

The w o r k [18] fur ther explains that m e c h a n i c a l losses are made o f f r i c t i o n and 

w i n d a g e losses. M e c h a n i c a l losses can be dif f icult to determine because o f the c o m ­

pl ica ted aerodynamic f r i c t i o n p h e n o m e n a . P u b l i c a t i o n [23] describes that they depend 

o n ro ta t iona l speed, l u b r i c a t i o n , bear ing type, a n d temperature. W i n d a g e losses occur 

due to the operat ion o f a c o o l i n g fan and air resistance i n the machine , w h i l e f r i c t i o n 

losses arise i n the bearings and places w h e r e the parts are sealed together. M e c h a n i c a l 

losses are not l o a d dependent but are p r o p o r t i o n a l to the machine 's speed. Induc t ion 

m o t o r s l ip reduces m e c h a n i c a l losses because rotor speed is dependent o n s l ip and sl ip 

increases w i t h increas ing load. To reduce f r i c t i o n losses, it is i m p o r t a n t to choose h i g h -

qua l i ty bearings. For h i g h - s p e e d machines , air or magnet ic bearings are r e c o m m e n d e d . 

W i n d a g e losses can be effect ively reduced direct ly t h r o u g h the proper design o f the fan 

a n d m o t o r casing. Indirect ly, w i t h h igher m o t o r efficiency, the c o o l i n g d e m a n d decreases 

as the m a c h i n e does not heat u p as m u c h . 
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2.1.4 Stray-load losses 

Stray- load losses can also be ca l led a d d i t i o n a l losses, the next part o f the thesis [18] 

explains that s t ray- load losses speci f ica l ly express losses due to h a r m o n i c s that are not 

cons idered i n w i n d i n g losses, i r o n core losses a n d m e c h a n i c a l losses. These h a r m o n i c 

losses inc lude spatial h a r m o n i c losses o c c u r r i n g i n the air gap a n d t ime h a r m o n i c losses 

o f the s u p p l y voltage. A d d i t i o n a l losses depend o n the l o a d a n d are p r o p o r t i o n a l to the 

torque power . Ideally, w e w o u l d l ike to have a s inuso ida l shape o f magnet ic i n d u c t i o n 

i n the air gap. H o w e v e r , this is not possible , a n d the shape o f the flux densi ty charac­

teristic is more saw- l ike , because the magnet ic flux flowing t h r o u g h the air gap must 

f i n d its w a y t h r o u g h the stator too th and not the slot. This shape can be in f luenced 

b y the arrangement o f the w i n d i n g i n the stator slots. Spat ia l h a r m o n i c losses occur 

prec ise ly because o f this p r o b l e m , creat ing a d d i t i o n a l undes i red spat ia l h a r m o n i c s that 

induce currents in to the rotor. These currents can then create losses due to eddy cur­

rents a n d joule heat ing i n b o t h the stator a n d the rotor. Fur thermore , spatial h a r m o n i c s 

cause v ibra t ions , torque fluctuations, a n d noise. P r o p e r design o f the stator w i n d i n g can 

reduce spat ia l h a r m o n i c s . C e r t a i n combinat ions o f stator a n d rotor slots can increase or 

decrease these losses. T i m e h a r m o n i c s occur at h igher frequencies, especial ly w h e n a 

f requency converter is used. T i m e h a r m o n i c s have a s i m i l a r impact o n m a c h i n e losses 

as spat ia l h a r m o n i c s . T i m e h a r m o n i c s are reduced b y the inductance o f the stator, but 

can be s igni f icant i n the rotor. 

B (T) A 

Figure 2.4: A d d i t i o n a l t ime hysteresis losses. 

The thesis [14] describes that a s s u m i n g that the ampl i tude o f the first h a r m o n i c of 

the m a g n e t i z i n g current is d irec t ly p r o p o r t i o n a l to the m a x i m u m value o f the magnet ic 
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field strength, i t is possible to express the re la t ionship be tween current fluctuation and 

the change i n magnet ic field strength. The h i g h - f r e q u e n c y component , w h i c h causes the 

m a g n e t i z i n g current to oscil late a n d thus fluctuations i n magnet ic intensi ty , is appl ied 

to the m a i n l o o p because the first h a r m o n i c is s u p e r i m p o s e d o n the min ia ture loops. The 

sizes o f the super imposed loops w i l l depend o n the size o f the h igher h a r m o n i c s i n the 

s ignal . 
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3 Methods of measuring and evaluating losses in an 
asynchronous machine 

3.1 Approaches to measuring additional losses 

M a s t e r thesis [14] offers t w o methods to v e r i f y the losses caused f r o m the p o w e r 

s u p p l y o f a f requency converter. The first m e t h o d is to compare the losses at the same 

magni tude as the first h a r m o n i c voltage. A n i n d u c t i o n m o t o r p o w e r e d b y a s inuso ida l 

voltage w i t h a f requency o f 50 H z is used as a reference for the losses. O n l y the f u n d a ­

menta l h a r m o n i c is considered for the ca lculat ion . F o r subsequent measurements w i t h 

a f requency converter, the P W M m o d u l a t i o n is set to 400 V. The losses i n c u r r e d w i t h 

this p o w e r s u p p l y already consider the w h o l e spec t rum of h igher h a r m o n i c s . F o r such 

measurements , a measurement sys tem capable o f m e a s u r i n g the h i g h - f r e q u e n c y voltage 

a n d then c o n v e r t i n g the s ignal in to a t r a c k i n g spec t rum a n d t u n i n g the first h a r m o n i c to 

the same value as i f the machine were s u p p l i e d w i t h a s inuso ida l voltage is requi red so 

that the c o n t r i b u t i o n o f the h igher h a r m o n i c s to the total voltage value is detected. For 

accurate measurement , the u p p e r cutoff f requency o f the m e a s u r i n g ins t rument must 

be i n uni ts o f M H z a n d above, and the s a m p l i n g f requency must exceed this value . The 

measurement results are determined at steady-state m a c h i n e temperature. 

The second m e t h o d def ined i n the thesis [14] is the de terminat ion o f losses u s i n g a 

D C intermediate c i rcui t , w h e r e the active p o w e r o f the inverter is de termined a n d then 

the losses o n the components o f the inverter are subtracted. Several assumptions apply 

to this ca lculat ion . First , a capacitance large e n o u g h to m i n i m i z e the r ipple i n the w a v e ­

f o r m to keep the voltage constant. H i g h inductance i n the intermediate c i rcui t to keep 

r ipple m i n i m a l for constant current . W i t h such s impl i f i ca t ions , it is possible to measure 

the voltage a n d current w i t h a m u l t i - m e t e r and calculate the p o w e r o f the inverter i n the 

inter -c i rcui t . T h e n the losses o f the s w i t c h i n g components need to be calculated u s i n g 

ana ly t i ca l formulas . A s s u m i n g a actual p o w e r at the m o t o r shaft w i t h the same value 

under P W M p o w e r s u p p l y a n d under s inuso ida l p o w e r supply , the calculated p o w e r i n ­

put versus the p o w e r i n p u t o f s inuso ida l p o w e r s u p p l y w i l l make up the difference i n 

the f o r m of added h a r m o n i c losses. 

3.2 Measurement of negative effects of converter supply 

Induc t ion machines have a l o n g h i s t o r y and, therefore, there are several different 

methods o f measurement and diagnosis to detect certa in m o t o r defects. The [16] the­

sis defines several diagnost ic methods that are able to detect certa in m o t o r condi t ions . 

The author describes his persona l experience o f inves t igat ing the negative effects o f a 

f requency converter u s i n g the methods m e n t i o n e d be low. These operat ing a n d test ing 
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diagnost ics can prov ide i n f o r m a t i o n about the current state o f the machine , but at the 

same t ime, diagnostics after a m a c h i n e fa i lure can reveal a fault that has occurred and 

can be prevented next t ime. 

Table 3 .1 : M e t h o d s o f m e a s u r i n g negative effects o f converter s u p p l y according to [16]. 

Measur ing method 

M e a s u r e m e n t o f i n s u l a t i o n status 

Shock w a v e or double shock w a v e w i n d i n g test 

P a r t i a l discharge measurement 

V i b r a t i o n measurement 

Shaft t ens ion measurement 

B e a r i n g stress measurement 

M e a s u r e m e n t o f bear ing current a n d a u x i l i a r y conductor current t h r o u g h the 

bear ing 

M e a s u r e m e n t o f voltages i n machine components (frame, rack, machine) 

M e a s u r e m e n t a n d analysis o f the machine s u p p l y current 

M e a s u r e m e n t o f e lectromagnetic f ie ld leakage. 

The [16] thesis fur ther specifies the f o l l o w i n g methods o f diagnosis and measurement 

according to appropriate standards. W h e n c h o o s i n g a diagnost ic m e t h o d , i t is i m p o r t a n t 

to l i m i t the inf luence o f a change i n the p o w e r s u p p l y o n the d iagnosed variable . H o w ­

ever, for most o f these methods , the output w a v e f o r m s f r o m the f requency converter 

present a serious p r o b l e m w h e r e t ime h a r m o n i c s affect the shape o f the output w a v e ­

f o r m and voltage. O n e o p t i o n is to use a f i l ter that can use mathemat i ca l funct ions to 

fi l ter out the w a v e f o r m shape, but such a f i l ter can reduce the c redib i l i ty o f the f requency 

spec t rum analysis . Fi l ters are useful w h e n m e a s u r i n g the R M S value o f a variable . 

3.3 International standards of measuring and evaluating losses 
according to IEC 60034-2-1 

Internat ional standards define methods a n d procedures for d e t e r m i n i n g losses i n 

e lectr ical machines . In the I E C 60034-2-1 s tandard f r o m 2015, measurement methods for 

basic types o f machines , n a m e l y D C machines , i n d u c t i o n machines , a n d s y n c h r o n o u s 

machines , are described. F o r the eva luat ion o f i n d u c t i o n m o t o r losses, the s tandard de­

fines three preferred methods. The methods are categorized b y the p o w e r o f the mea­

sured machine , so one m e t h o d is a l w a y s appl ied for the selected p o w e r range. Table 

3.2 describes the basic characterist ics o f these methods. P u b l i c a t i o n [18] explains that 

these methods are applicable for prac t i ca l a n d rout ine testing. F o r our case o f a n i n ­

d u c t i o n m o t o r p o w e r e d b y a f requency converter, the I E C 60034-2-3 s tandard specifies 
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the measurement methods. These methods c losely resemble those i n the I E C 60034-2-1 

standard, w h e r e machines are p o w e r e d b y a c o n v e n t i o n a l s inuso ida l source. H o w e v e r , 

the I E C 60034-2-3 s tandard refines the measurement o f h a r m o n i c losses a r i s ing f r o m the 

use o f a f requency converter. 

Table 3.2: Pre ferred methods o f m e a s u r i n g i n d u c t i o n m a c h i n e losses according to I E C 

60034-2-1 (2014) f r o m [27]. 

Label M e t h o d Description A p p l i c a t i o n 

2-1-1A 

D i r e c t 

measurement : 

i n p u t - o u t p u t 

Torque measurement A l l s ingle-phase machines 

2-1-1B 

S u m m a t i o n o f 

losses: Res idua l 

losses 

S t ray- load losses f r o m 

res idual loss 

Three-phase machines w i t h 

rated output u p to 

2 M W . 

2-1-1C 

S u m m a t i o n o f 

losses: A s s i g n e d 

value 

S t ray- load losses f r o m 

assigned a l lowance 

Three-phase machines w i t h 

rated output greater t h a n 2 

M W 

3.3.1 Direct measurement: input-output 

Test ing m e t h o d i n w h i c h the m e c h a n i c a l p o w e r o f the m a c h i n e is de termined b y v a l ­

ues o f the torque o n the shaft and b y m e a s u r i n g the ro ta t ion speed. The i n p u t p o w e r of 

the m a c h i n e is also measured. M o s t c o m m o n l y , the tested m a c h i n e is c o u p l e d w i t h a 

dynamometer , w h i c h serves as a l o a d i n g m a c h i n e a n d s imul taneous ly indicates the ap­

p l i e d torque. A l t e r n a t i v e l y , the tested m a c h i n e can be coupled w i t h another machine . In 

the case o f a l o a d i n g machine , i t is necessary to measure the torque, for example, u s i n g 

a torque m e a s u r i n g shaft. The tested machine is a l l o w e d to t h e r m a l l y stabil ize at the op­

erat ing temperature, and the requi red values o f quantit ies are recorded. The difference 

be tween i n p u t p o w e r a n d output p o w e r then equals the losses o f the machine . P u b l i c a ­

t i o n [18] describes that such a type o f measurement can be v e r y imprecise . S ingle-phase 

machines achieve l o w e r efficiency, so it m a y not seem l ike a s ignif icant p r o b l e m , but the 

entire p r e c i s i o n o f the measurement relies o n the accuracy o f m e a s u r i n g torque, speed, 

a n d i n p u t power . Espec ia l ly w h e n m e a s u r i n g torque, h igher uncer ta in ty can arise, as 

m e a s u r i n g shafts m a y not be suff ic ient ly precise, a n d a 1% error i n m e a s u r i n g torque 

can result i n u p to a 10% error i n determined losses. The measured losses cannot be d i ­

v i d e d into components , a n d o n l y the eff ic iency value is k n o w n . This m e t h o d is v e r y fast, 

a n d the longest part is w a i t i n g for the m a c h i n e to heat up to its operat ing temperature. 
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3.3.2 S u m m a t i o n of losses: residual losses 

A test m e t h o d for w h i c h the eff ic iency is de termined b y the s u m of the measured 

losses. The s tandard describes a f l o w chart for d e t e r m i n i n g the effectiveness o f u s i n g 

this m e t h o d . I ron losses a n d w i n d a g e a n d f r i c t i o n losses are determined i n a n o - l o a d test, 

w h i c h is i n the voltage range f r o m 30 % to 110 %. The l o w e r h a l f o f the voltage range is 

for d e t e r m i n i n g w i n d a g e and f r i c t i o n losses a n d the u p p e r h a l f is for d e t e r m i n i n g i r o n 

losses. Joule losses i n the stator a n d rotor are de termined at f u l l l o a d w h e n the m a c h i n e 

has t h e r m a l l y stabi l ized, i t is also i m p o r t a n t to measure the value o f the resistances 

at ambient temperature. S t ray- load losses are measured b y l o a d i n g the m o t o r w i t h a 

l o a d curve that is i n s ix operat ing points r a n g i n g f r o m 25% to 125%. This test is also 

p e r f o r m e d i m m e d i a t e l y after the rated l o a d test to m a i n t a i n the operat ing temperature 

a n d temperature changes s h o u l d be as s m a l l as possible. A s def ined, this m e t h o d is 

used for most three-phase machines o n the market up to 2 M W . This m e t h o d offers 

a b r e a k d o w n of m o t o r losses c o m p a r e d to the first m e t h o d w h e r e o n l y eff ic iency was 

determined. 

3.3.3 S u m m a t i o n of losses: additional losses under load f r o m assigned toler­

ance 

This m e t h o d is v e r y s imi lar to the prev ious one a n d the eff ic iency is de termined b y 

the s u m of the measured losses. The m e t h o d is adapted for p o w e r above 2 M W , as it 

is di f f icult to achieve the n o m i n a l values i n tests for such power . In the l o a d test, the 

voltage is reduced and a value is assigned for the a d d i t i o n a l l o a d losses. F u l l l o a d and 

l o a d curve tests are not required . In the l o a d test, the m a c h i n e is operated as a m o t o r 

w i t h reduced voltage w i t h the m a x i m u m available load so that the speed is m a i n t a i n e d 

at rated speed. The current decreases w i t h voltage, the m a c h i n e p o w e r then decreases 

w i t h the square o f the voltage. U s i n g a n o - l o a d test w i t h f u l l voltage, the current is then 

measured. F r o m this current value , the magni tude o f the current for the loaded m a c h i n e 

can be determined. S t ray- load losses are determined b y the s tandard according to the 

rated p o w e r o f the machine , w h i c h m a y not be a complete ly accurate estimate. 

3.3.4 Testing methods for field or routine-testing 

Standard [27] explains that other methods or test methods are used for other cases 

such as operat ional test ing, customer acceptance test ing a n d rout ine- test ing. The p u b ­

l i c a t i o n [18] describes that these tests are less accurate t h a n the m a i n three preferred 

ones. 
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Table 3.3: A d d i t i o n a l methods o f m e a s u r i n g i n d u c t i o n m a c h i n e losses according to I E C 

60034-2-1 (2014) f r o m [27]. 

L a ­

bel 
M e t h o d Descript ion Required equipment 

2-1-

1D 

D u a l 

s u p p l y 

back- to-

back 

D u a l s u p p l y back- to-back 
M a c h i n e des igned for f u l l load; 

t w o i d e n t i c a l uni ts 

2-1-

1E 

Single 

s u p p l y 

back- to-

back 

Single s u p p l y back- to-back 
T w o ident i ca l uni ts ( w o u n d 

rotor) 

2-1-

1F 

Reverse 

ro ta t ion 

S t ray- load losses f r o m r e m o v e d 

rotor and reverse ro ta t ion test 

A u x i l i a r y m o t o r w i t h rated 

p o w e r u p to 5 t imes the total 

losses 

2-1-

1G 
Eh-s tar 

S t ray- load losses f r o m Eh-star 

test 

The w i n d i n g s must be connected 

i n a star 

2-1-

1 H 

E q u i v a ­

lent 

c i rcui t 

C u r r e n t s , p o w e r s and sl ip f r o m 

the equivalent c i rcui t m e t h o d , 

s t ray- load losses f r o m assigned 

value 

If test equipment for other tests 

is not available (no n o m i n a l l o a d 

appl ica t ion , no duplicate 

machine) 

The [27] s tandard br ie f ly describes the w o r k i n g procedures for the eva luat ion o f these 

test procedures . For the 2-1-1D test, t w o ident i ca l machines are m e c h a n i c a l l y couple d 

together a n d o n l y the p o w e r supplies are s w a p p e d d u r i n g the measurement . O n e m a ­

chine is s u p p l i e d w i t h n o m i n a l voltage a n d f requency values a n d the other m a c h i n e is 

suppl ied w i t h either a l o w e r or h i g h e r f requency value d e p e n d i n g o n the machine mode 

o f the generator or motor . The voltage o f the second machine is ba lanced i n p r o p o r t i o n 

to its frequency. The 2-1-1E m e t h o d uses a s i m i l a r p r i n c i p l e , but is o n l y applicable to I M 

w i t h a w o u n d rotor. B o t h machines operate at rated values , one as a generator a n d the 

other as a motor . It is i m p o r t a n t to short -c i rcui t the m o t o r rotor w i n d i n g s and connect 

the generator rotor w i n d i n g s to a suitable p o w e r supply . The 2-1-1F m e t h o d uses the 

same p r i n c i p l e for d e t e r m i n i n g eff ic iency as the 2-1-1B m e t h o d . The added losses are 

obta ined b y t w o measurements namely , a machine w i t h the rotor r e m o v e d a n d a m a ­

chine ro ta t ing w i t h the revers ing speed. M e t h o d 2-1-1G again uses a s i m i l a r p r i n c i p l e , 

but the a d d i t i o n a l losses are determined b y the Eh-s tar test. Eh-s tar w i r i n g requires the 

m o t o r to operate w i t h a d i ss imi lar voltage s u p p l y w i t h o u t c o u p l i n g to another motor . A 

36 



resistor is used to connect the machine to the p o w e r supply . The last m e t h o d , 2 -1 -1H, is 

suitable w h e n a l o a d test cannot be p e r f o r m e d . It uses a T - m o d e l o f the I M c ircui t phase, 

w h e r e the subst i tut ion resistance represents the equivalent o f the losses i n the i r o n . A 

n o - l o a d test, a reduced f requency test, or a n o m i n a l f requency test is p e r f o r m e d . W i t h 

the measured values o f reactance a n d resistance, the values o f the replacement scheme 

can be calculated. 

3.4 Specific methods for converter-fed machines according to 
IEC 60034-2-3 

In 2020, an I E C standard was p u b l i s h e d that m o d i f i e d the de f in i t ion o f test methods 

for m e a s u r i n g machines p o w e r e d b y a f requency converter. The s tandard [28] describes 

that these measurement methods s h o u l d be used to determine the total losses, i n c l u d i n g 

the a d d i t i o n a l h i g h f requency losses o f motors , a n d the eff ic iency o f inver ter p o w e r e d 

motors . The f o l l o w i n g table 3.4 shows the methods r e c o m m e n d e d b y the standard. The 

[28] s tandard is based o n the fact that drive systems cons is t ing o f a m o t o r a n d an inverter 

often come f r o m different manufacturers , w h i c h can change the basic characterist ics 

o f the inver ter such as the s w i t c h i n g frequency. These different characteristics affect 

the eff iciency o f the system. For pract ica l i ty , the s tandard defines a l i m i t e d n u m b e r 

o f approaches depending o n the voltage level a n d n o m i n a l parameters o f the m a c h i n e 

under test. This means that the losses de termined b y the s tandard do not represent the 

losses i n the f i n a l appl i ca t ion , but serve as an objective basis for c o m p a r i s o n o f motors 

w i t h other designs. 

Table 3.4: Preferred methods o f m e a s u r i n g f requency converter d r i v e n machines losses 

according to I E C 60034-2-3 (2020) f r o m [28]. 

L a ­

bel 
M e t h o d Descript ion 

2 - 3 A 
D i r e c t measurement : 

i n p u t - o u t p u t 
Torque measurement 

Other testing methods 

2-3B S u m m a t i o n o f losses 
D e t e r m i n a t i o n o f a d d i t i o n a l h i g h - f r e q u e n c y 

losses w i t h inverter for f i n a l appl i ca t ion 

2-3C 
A l t e r n a t i v e m e t h o d o f 

d e t e r m i n i n g eff iciency 
C a l c u l a t i o n u s i n g a qual i f ied ana ly t i ca l m o d e l 

2-3D 
D e t e r m i n a t i o n o f 

eff ic iency b y ca lcula t ion 

C a l c u l a t i o n m e t h o d for engines w i t h rated p o w e r 

greater t h a n 2 M W 
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The 2 - 3 A direct measurement m e t h o d is s i m i l a r to the prev ious I E C 60034-2-1 stan­

dard. The 2-3-B m e t h o d describes that the h i g h - f r e q u e n c y addi t iona l losses due to added 

h a r m o n i c s f r o m the f requency converter are independent o f the load. This a l lows the use 

o f n o - l o a d measurements w i t h a l ine f requency s u p p l y a n d a f requency converter supply. 

The results o f these measurements are c o m p a r e d a n d the addi t iona l h a r m o n i c losses are 

reflected i n the ca lculat ion . The 2-3-C m e t h o d uses an analyt i ca l m o d e l to calculate the 

efficiency, w h i c h consists o f several steps. The ana ly t i ca l m o d e l is qual i f ied b y the m a n ­

ufacturer accord ing to the m a n u f a c t u r i n g procedures . The last m e t h o d 2-3-D, w h e r e the 

eff ic iency is de termined b y ca lcula t ion , is appl ied to motors w i t h a p o w e r r a t i n g h igher 

than 2 M W . For m a c h i n e characteristics b e y o n d test ing capabil i t ies , ca lcu la t ion o f har­

m o n i c losses due to the inver ter m a y be an alternative m e t h o d . The ca lcula t ion is based 

o n the actual inver ter pulse shape, the f requency dependent surrogate parameters and 

the m o t o r models used i n v o l v i n g h igher frequencies. 

3.5 Computational analysis 

Disser ta t ion [29] describes the importance o f the t ime step a n d analyses the compar­

i s o n be tween the speed o f the ca lcula t ion a n d its accuracy. R e d u c t i o n o f c o m p u t a t i o n 

t ime can be achieved b y h i g h per formance hardware . Some o f the most i m p o r t a n t c o m ­

ponents inc lude the centra l process ing u n i t ( C P U ) , storage drives , a n d also the size o f the 

r a n d o m access m e m o r y ( R A M ) . C P U m e m o r y can r u n out d u r i n g a d e m a n d i n g c o m p u ­

ta t ional task, so i t is i m p o r t a n t to have a g o o d solid-state dr ive (SSD) or h a r d disk dr ive 

( H D D ) . A n S S D is m u c h faster at w r i t i n g data, so fast storage is used, w h i l e an H D D 

is used p u r e l y for b a c k u p and storage, w h e r e i t can be more durable but m u c h s lower 

than an SSD. The per formance o f a C P U is specif ied b y its C l o c k speed u s u a l l y g i v e n 

i n G H z , the n u m b e r o f C P U cores a n d the size o f the C P U cache. H i g h e r C l o c k speed 

a l lows a l l operat ions to be sped u p , most C P U s w i l l take advantage o f the t e m p o r a r y 

speed increase at the cost o f its l i fet ime. The n u m b e r o f C P U cores a l lows an appl ica ­

t i o n u s i n g F E M to w o r k o n m u l t i p l e tasks at the same t ime, this feature is referred to 

as the para l l e l i za t ion technique or to use m u l t i p l e cores per task, w h i c h increases the 

c o m p u t a t i o n speed several t imes. The C P U cache size represents t e m p o r a r y m e m o r y for 

f requent ly used data, a l l o w i n g easier access, thus speeding up processes. It has several 

levels r a n g i n g f r o m L 3 to L I . A C P U w i t h a h igher cache m e m o r y that is large e n o u g h 

to compute the selected task a l lows the task to be sped u p , thus r e d u c i n g c o m p u t a t i o n 

t ime. The C P U also has so-cal led m e m o r y channels , w h i c h a l lows access to R A M . The 

n u m b e r o f m e m o r y channels affects its b a n d w i t h d , again a h igher n u m b e r o f m e m o r y 

channels is better for r e d u c i n g s i m u l a t i o n t ime. 
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Several types o f analysis are used i n e lectr ical machine m o d e l l i n g . These analyses 

examine the basic propert ies o f the machine such as temperature, e lectromagnetic 

propert ies and m e c h a n i c a l propert ies . They w o r k c losely together a n d m o d i f y each 

other, i tera t ing the best possible s o l u t i o n according to the specif ied requirements . For 

example, the resu l t ing losses f r o m the electromagnetic m o d e l are fed into the t h e r m a l 

m o d e l for the correct choice o f c o o l i n g a n d operat ing temperature. Thesis [30] calls 

this p r i n c i p l e as m u l t i d i s c i p l i n a r y m o d e l l i n g . The doctora l thesis [31] explains the 

possibi l i t ies o f m o d e l l i n g P W M u s i n g an external ly connected c i rcui t m o d e l l e d i n 

software such as S I M U L I N K . 

Electromagnetic 
model 

Mechanical 
model 

m 
Thermal 

model 

Y 
Fluid 

dynamics 
model 

Figure 3.1: H i e r a r c h y o f m a t h e m a t i c a l models i n ca lcula t ion , m o d i f i e d f r o m [30]. 

Fur thermore , the dissertat ion describes the importance o f f inite element anal ­

ysis ( F E A ) , w h e r e the use o f these software interfaces enables a great accelerat ion of 

o p t i m i z a t i o n a n d m o d e l i n g o f e lectr ical machines . The c o m p u t a t i o n a l c o m p l e x i t y o f 

the analysis is h i g h l y dependent o n the c o m p l e x i t y o f the m o d e l a n d this determines 

the t ime required , w h i c h can be i n the range o f days. There are several methods to 

reduce this t ime i n c l u d i n g para l l e l a n d dis t r ibuted p a r t i t i o n i n g analysis , as w e l l as 

t ime d e c o m p o s i t i o n methods. These methods use software programs for ca lculat ion . 

The w i d e l y used solvers inc lude transient magnet ic ( T M ) , t ime h a r m o n i c ( T H ) and 

magnetostat ic (MS). E a c h solver has its advantages and disadvantages, w h e r e i n the 

analysis o f e lectr ical machines the transient magnet ic solver is most c o m m o n l y used. 

Its disadvantage is the l o n g c o m p u t a t i o n t ime, w h i c h is g o o d to reduce b y the methods 

m e n t i o n e d earlier. The r e m a i n i n g solvers T H a n d M S are re la t ive ly fast but b r i n g some 

disadvantages, so they m a y not be suitable for a l l tasks. T H l inearizes the materials , so 

its c o m p u t a t i o n produces c o m p u t a t i o n error w i t h h igher harmonics . M S does not a l l o w 
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the ca lcula t ion o f eddy currents losses, w h i c h for example for an i n d u c t i o n m o t o r is an 

i m p o r t a n t parameter. 

The dissertat ion then discusses the importance o f the t ime step, w h e r e i n the actual 

measurements the values were recorded w i t h a step o f one m i c r o second, w h i l e u s i n g 

such a step i n a ca lcula t ion w i t h a v e r y dense m e s h F E A w o u l d be v e r y t ime c o n s u m i n g 

a n d a lot o f c o m p u t a t i o n a l p o w e r w o u l d be needed. So, i n this w o r k , the s a m p l i n g t ime 

was increased up to one h u n d r e d m i c r o seconds. W i t h l o w e r s a m p l i n g t ime, the h i g h 

frequency was reduced i n a n y case. W i t h h igher s a m p l i n g rate the pulses lost their 

shape due to h a r m o n i c s a n d the h a r m o n i c content also changed. D a t a w i t h a h igher 

t ime step h a d reduced per formance due to h a r m o n i c current losses. W i t h a smal ler t ime 

step, the w a v e f o r m s are smoother a n d there are fewer errors due to s ignal d is tor t ion . 

The reduced p o w e r due to h igher losses i n the i r o n w a s c o m p a r e d to the measured 

results, w h i c h were larger w h e n compared . The author o f the paper descr ibed that this 

is due to incomplete cons iderat ion o f addi t iona l losses a n d m e c h a n i c a l losses i n the 

f inite element m e t h o d ca lculat ion . 

3.5.1 Finite element method 

The b o o k [32] describes a b r i e f h i s t o r y o f design, w h e r e a large n u m b e r o f authors 

are i n v o l v e d i n the des ign o f e lectr ical machines to make the e lectr ical and magnet ic 

propert ies o f the m a c h i n e as efficient as possible for a var ie ty o f appl icat ions . For such 

design, ana lyt i ca l methods were and are popular , u s i n g e m p i r i c a l formulas va l idated b y 

experience and l o n g practice. The f inite element m e t h o d ( F E M ) is not a n e w m e t h o d 

o f ca lcula t ion , but the m o d e r n i z a t i o n o f c o m p u t a t i o n a l uni ts has a l l o w e d better use of 

c o m p u t a t i o n a l power , m a k i n g F E M a g o o d alternative. F E M is based o n d i v i d i n g the 

e lectromagnetic m o d e l in to s m a l l parts w h i c h are calculated a n d the user determines 

the densi ty o f the n e t w o r k . B o o k [32] states that n o w a d a y s F E M is v e r y p o p u l a r a n d is 

also used i n other sectors such as medic ine . F o r electr ical machines , 2 D a n d 3 D models 

are used, w h i c h are c o m p u t e d u s i n g M a x w e l l ' s equations. The 2 D m o d e l o f the electr i ­

ca l m a c h i n e sect ion is u s u a l l y sufficient for c o m p u t a t i o n because its c y l i n d r i c a l shape is 

def ined b y the depth o f the machine . F E M ca lcula t ion o f an electr ical m a c h i n e can be 

v e r y accurate, the b o o k describes a devia t ion o f about 1% for reluctance machines and 

10-20% for i n d u c t i o n machines . There are several software u s i n g F E M , this w o r k w i l l 

use the A n s y s M a x w e l l interface. The great advantage o f F E M is the s i m p l i c i t y o f the 

machine des ign, w h i c h is not yet f u l l y def ined. Several designs are calculated a n d then 

the best geometry for the chosen a p p l i c a t i o n is selected, the parameters can a lways be 

adjusted to get perhaps the best o p t i m i z e d machine . The parameters o f an electr ical m a ­

chine obta ined b y F E M s h o u l d be more accurate t h a n those obta ined f r o m an ana ly t i ca l 

ca lcula t ion , because F E M considers the electromagnetic f i e ld d i s t r i b u t i o n as the basis 
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for its calculat ions , w h i c h affects mater ia l saturat ion, f lux densi ty w a v e f o r m s , s lot t ing, 

a n d more , c o m p a r e d to the ana ly t i ca l ca lcula t ion o f an electr ical machine , w h i c h obtains 

the parameters u s i n g d imens ions a n d mater ia l propert ies and also s impli f ies the m a g ­

netic f ie ld d i s t r ibut ion . The b o o k [32] fur ther describes the basis o f F E M calculat ions . It 

uses M a x w e l l ' s equations to solve F E M . To calculate an electr ical machine , i t is u s u a l l y 

sufficient to use magnetostat ic analysis , w h i c h uses o n l y some o f M a x w e l l ' s equations, 

because i t is a l o w frequency p r o b l e m . It is also possible to use the t i m e - h a r m o n i c p r o b ­

l e m , w h e r e F E M models the materials o f the machine ' s t h i n sheet w i t h cons iderat ion of 

hysteresis i n ferromagnet ic materials . 

To calculate the force a n d torque, w h i c h is one o f the most i m p o r t a n t parts o f this 

m e t h o d according to the book , F E M uses M a x w e l l ' s stress tensor, the coenergy m e t h o d 

a n d the L o r e n t z force equat ion. M a x w e l l ' s stress tensor uses a f lux densi ty d i s t r i b u t i o n 

o n the d i m e n s i o n o f the curve or l ine that can be chosen. For electr ical machines , the 

curve is def ined i n the air gap. The coenergy m e t h o d uses the c o n v e r s i o n o f energy to 

m e c h a n i c a l energy for a system w h e r e the air gap a n d ferromagnet ic core change, for 

example for a s w i t c h e d reluctance machine . The L o r e n t z force is def ined as a f u n c t i o n of 

the phase values o f the i n d u c e d voltage a n d the phase values o f the current for a three-

phase system. F o r l inear systems, the inductance is ca lculated f r o m the magnet ic f ie ld 

energy, w h e r e i n the case o f electric machines this is v a l i d i f the m a c h i n e is operat ing i n 

the l inear B - H part o f the m a g n e t i z a t i o n characterist ic and for n o n l i n e a r systems f r o m 

the f lux l inkage w h e n the m a c h i n e enters the knee o f the magnet iza t ion characterist ic 

a n d the over-saturat ion state. 

The p u b l i c a t i o n [5] explains that f ini te element m e t h o d is p a r t i c u l a r l y suitable for 

m o d e l l i n g a n d ca lcula t ing an electr ical machine c o m p a r e d to other methods. The use of 

a transient s o l u t i o n is appropriate for most i n d u c t i o n motors , but s u c h an analysis can 

take a v e r y l o n g t ime. 

3.5.2 General procedure for calculating F E M 

The process o f F E M ca lcula t ion , according to the b o o k [32], can be d i v i d e d in to three 

basic parts. The first part is the pre-process ing , w h e r e the m o d e l is prepared a n d p r o ­

cessed. The next part is the solver, w h e r e the system of dif ferential equations is assem­

bled a n d subsequently solved. The last part inc ludes post -process ing, w h e r e the results 

are ana lyzed, a n d addi t iona l quantit ies are computed . 

The prepara t ion o f the m o d e l i n pre-process ing involves creat ing the geometry o f the 

m o d e l b y d e f i n i n g uni ts , c h o o s i n g 2 D or 3 D interfaces, a n d select ing a coordinate system. 

Then , the m o d e l can be d r a w n or i m p o r t e d f r o m C A D programs. In the d r a w n geometry, 

it is necessary to define materials for cor responding parts, excitat ions i n e lectr ical m a ­

chines, u s u a l l y i n w i n d i n g s , a n d b o u n d a r y condi t ions . A t the end o f pre-process ing , it is 
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also necessary to create a c o m p u t a t i o n a l n e t w o r k cal led mesh. M e s h is the m a i n p r i n c i ­

ple o f F E M , w h e r e f inite elements d iv ide the m o d e l e d machine in to s m a l l parts, u s u a l l y 

tr iangles, but other shapes can also be used. The user changes the n u m b e r o f f inite e l ­

ements, thereby increas ing accuracy, but a h igher n u m b e r o f f inite elements lengthens 

the ca lculat ion . H o w e v e r , it is not a lways true that i f w e w a n t the highest accuracy, w e 

must add as m a n y elements as possible. For such a ca lcula t ion , i t is necessary to f i n d 

an o p t i m u m , for some parts, accuracy w i t h a s m a l l n u m b e r o f elements is sufficient, and 

a d d i n g more elements is unnecessary a n d o n l y adds to the ca lcula t ion t ime. M e a n w h i l e , 

for h i g h l y saturated areas i n an electr ical machine , it is advisable to expand the mesh. 

In the solver part , p a r t i a l dif ferential equations are assembled i n each finite element, 

represented b y the vertices o f tr iangles. Vector magnet ic potent ia l is c o m p u t e d for these 

vertices. The software then calculates the dif ferent ia l equations u s i n g def ined i terative 

methods, a n d there are t w o possible outcomes. E i ther the s o l u t i o n w i l l be convergent , 

m e a n i n g the expected s o l u t i o n is obtained, or it w i l l be divergent , i n d i c a t i n g that the 

results c o u l d not be successful ly computed . It is then necessary to check the m o d e l and 

reapply the so lu t ion . 

The final part , post -process ing , involves result analysis . Software provides displays 

o f results t h r o u g h profi les a n d can be v i s u a l i z e d i n the geometry as w e l l as the d i s t r i ­

b u t i o n o f magnet ic f lux or magnet ic i n d u c t i o n . F r o m these dis t r ibut ions , values s u c h as 

torque can be calculated u s i n g curves and s i m i l a r methods. 

3.5.3 Accuracy of analytical m o d e l 

The p u b l i c a t i o n [24] explains that the first steps o f I M design inc lude an ana ly t i ca l 

ca lcula t ion process, w h i c h is later used for o p t i m i z a t i o n t h r o u g h var ious objectives such 

as cost o f materials , energy eff ic iency a n d so on . The output p o w e r o f the designed m a ­

chine is def ined u s i n g the m a c h i n e dimensions . The range that can be used to choose 

the d imens ions is l i m i t e d b y the temperature rise. Temperature rise corresponds to the 

losses generated b y the machine . U s i n g mater ia l propert ies a n d geometry, the losses can 

be determined. To facil itate this , the v e r y p o p u l a r finite element m e t h o d ( F E M ) can be 

used. H o w e v e r , i n some respects the F E M is inadequate for an i n d u c t i o n motor . M o s t 

often the m o d e l is created i n 2D, because i n 3 D it w o u l d be too c o m p l e x and the ca lcu­

l a t i o n t ime w o u l d be too l o n g . The m o d e l i n F E M is a c i rcui t m o d e l that is used w i t h 

an external m o d e l to m o d e l the 3 D effects. W h e n m o d e l i n g I M w i t h F E M , e n d - w i n d i n g 

resistance a n d e n d - w i n d i n g leakage inductance are w r i t t e n into the stator m o d e l . In 

the rotor m o d e l , the resistance a n d shor t -c i rcui t r i n g inductance are w r i t t e n into the 

rotor m o d e l . These parameters can be v e r y c h a l l e n g i n g to determine accurately c o m ­

pared to the c o n v e n t i o n a l stator w i n d i n g resistance a n d rotor bar resistance, w h i c h can 

be de termined u s i n g temperature a n d neglec t ing A C - i n d u c e d losses. Inaccuracy i n the 
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ca lcula t ion o f i r o n losses arises w h e n u s i n g the Ber tot t i m o d e l , w h e r e the ca lcula t ion 

equat ion is m o d i f i e d b y e m p i r i c a l coefficients that are set to m a t c h the specific p r o p ­

erties o f the i r o n core used for the ca lculat ion . A n o t h e r uncer ta in ty for m o d e l l i n g an 

i n d u c t i o n machine is the f ixed sl ip. This varies w i t h rotor losses a n d ro tor resistance. 

This p u b l i c a t i o n presents an alternative ana ly t i ca l m o d e l to the F E M m o d e l . The a n a l y t i ­

ca l m o d e l is bu i l t w i t h the same parameters as the F E M m o d e l , but c o m p a r e d to the F E M 

the ca lcula t ion is m u c h faster and i n seconds. A n o t h e r advantage is the poss ib i l i ty to 

investigate the inf luence o f other parameters. This paper compares the ana ly t i ca l m o d e l 

o f a 5 k W i n d u c t i o n m o t o r w i t h the measured values u s i n g I E C segregation m e t h o d . The 

paper [24] also describes the ca lcula t ion o f the des ign o f the ana ly t i ca l m o d e l u s i n g the 

b o o k b y J u h a P y r h o n e n , V a l e r i a H r a b o v c o v a and T a p a n i J o k i n e n : D e s i g n o f Rota t ing 

E lec t r i ca l M a c h i n e s . The ca lcula t ion is adapted to the geometry a n d size o f the machine , 

for example, D C resistance is considered for the ca lcula t ion o f Joule losses. E m p i r i c a l 

coefficients for i r o n losses are def ined a n d m e c h a n i c a l losses are def ined f r o m f r i c t i o n 

only , since the m o t o r ro ta t iona l speed is s m a l l and the m o t o r does not have a f a n o n the 

shaft. The addi t iona l losses are def ined as 1.2 %. A s a result , the measured losses are c o m ­

pared w i t h the analyt i ca l ones. The author describes the inaccuracies that arise, w h e r e 

for example the inaccuracy i n the stator ca lcula t ion m a y be due to a p o o r es t imat ion 

o f the e n d - w i n d i n g resistance, as w e l l as copper i m p u r i t y a n d the effect o f l o a d losses, 

w h e r e addi t iona l losses f r o m h a r m o n i c s arise. In s m a l l machines these l o a d losses are 

ins igni f i cant , but i n large machines they can cause quite large losses, this is due to the 

skin-effect w h i c h changes the A C - r e s i s t a n c e . The p u b l i c a t i o n outl ines that the a n a l y t i ­

ca l m o d e l can be suitable as a pre c o m p u t a t i o n w i t h its mediocore accuracy a n d then the 

m o d e l can be o p t i m i z e d b y other methods. 

3.5.4 Finite element method disadvantages 

The w o r k [29] fur ther explains that several c o m p u t a t i o n a l ineff iciencies need to be 

cons idered w h e n u s i n g the F E M method . C o n s t a n t l y c h a n g i n g mater ia l propert ies can 

be c h a l l e n g i n g for the ca lcu la t ion to determine. The magnet ic propert ies o f the mater ia l 

are cons idered i n the ca lcula t ion , but the constant ly c h a n g i n g magnet ic f ie ld i n the i r o n 

core can be complex to p r o p e r l y m o d e l the magnet ic flux i n e lectr ical machines . For 

core losess the p r e v i o u s l y m e n t i o n e d eddy-current d i s t r i b u t i o n a n d hysteresis losses ap­

ply , these losses u s u a l l y have to be calculated u s i n g var ious post -process ing methods 

b y w h i c h real results can be achieved but w i t h certa in boundar ies a n d l imi ts . Several 

factors are responsible for inaccurate core loss calculat ions u s i n g the F E M m e t h o d , but 

one o f the most notable is the shape o f the B - H curve. The shape o f pure sine w a v e f o r m s 

that are affected b y the loop o f the B - H curve are cor rupted b y the a d d i t i o n a l h a r m o n ­

ics, caus ing addi t iona l losses. Today ' s F E M s can effectively calculate the b e h a v i o u r o f a 
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rota t ing machine i f the m a c h i n e losses a n d heat transfer are calculated. T i m e sca l ing is 

needed to calculate temperatures i n different parts o f the machine . The t h e r m a l eqi l ib-

r i u m o f an electric m a c h i n e sometimes takes several hours to settle. The F E M ca lcula t ion 

has to consider this fact a n d therefore a large n u m b e r o f t ime steps are needed. It is also 

i m p o r t a n t to m o d e l the a i r f l o w correct ly, w h e r e turbulent f l o w can occur i n the air gap, 

w h i c h is cha l l eng ing to s imulate . 

N o w a d a y s , h i g h eff ic iency o f electric m a c h i n e is one o f the m a i n goals i n electric 

machine design. F E M ca lcula t ion results can te l l us w h a t losses the m a c h i n e w i l l have, 

but the a d d i t i o n a l losses a n d m e c h a n i c a l losses w i l l a lways need to be ana ly t i ca l ly cal ­

culated or measured o n a prototype machine . In a 2 D m o d e l o f the machine , addi t iona l 

losses can be i n c l u d e d b y some factor, but these losses are o n l y considered i n the air gap. 

A d d i t i o n a l losses also occur i n the m a c h i n e frame a n d i n other parts o f the m a c h i n e that 

are not m o d e l l e d . Exper ience f r o m previous designs a n d labora tory measurements are 

needed to estimate these losses correctly. Di f ferent m a c h i n e geometries, m o t o r fan set­

t ings, etc. are variables that can change the resu l t ing calculated losses. The thesis [29] 

describes three methods for d e t e r m i n i n g these problemat ic losses u s i n g a segregation 

method . 

Method 1 Method 2 
Measured 

Fe fw 

Seperation of loss 
components 

Post-processing 
s , F E M Pr, F E M 

Fe,FEM fw,FEM F E M 

Emulating test method 

s , A N L A N L 

Fe ,ANL fw,ANI L r , A N L 

Estimated analyticaly 

Method 3 

Figure 3.2: Separat ion o f loss components , r e d r a w n f r o m [29]. 

3.6 Segregation of losses 

The article [23] def ined that p o p u l a r methods for d e t e r m i n i n g the losses o f an electr i ­

cal m a c h i n e inc lude the loss segregation m e t h o d , w h i c h consists o f three measurements , 

n a m e l y n o - l o a d , rated l o a d a n d l o a d curve test. This m e t h o d is p a r t i c u l a r l y suitable for 

h igh-ef f i c iency machines because it uses indirec t measurements . A s expla ined i n the 
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previous chapter, i n d u c t i o n m o t o r losses can be d i v i d e d in to five parts . Stator a n d rotor 

w i n d i n g losses, i r o n losses and m e c h a n i c a l losses can be ana ly t i ca l ly calculated. Stray-

l o a d losses or addi t iona l losses cannot be modeled . Based o n the p u b l i c a t i o n [23] to 

determine w i n d i n g losses, the value o f w i n d i n g resistance must be measured. There are 

several w a y s to measure the r e q u i r e d resistance, but the I E C standard specifies a test i n 

w h i c h the D C resistance is measured after the m o t o r has w a r m e d to t h e r m a l e q u i l i b r i u m . 

The I E C standard then assumes that the s k i n effect and p r o x i m i t y effect is at tr ibuted to 

the a d d i t i o n a l losses. For motors p o w e r e d b y a f requency converter, the A C resistance 

value w o u l d be more impor tant . 

Run the motor at rated load 
until the rate of temperature 
change < 1 K / 30 min 
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Friction and windage losses P ( v 
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Figure 3.3: Segregat ion m e t h o d accord ing to I E C , r e d r a w n f r o m [29]. 

In the first part , the l o a d r a t i n g is first measured u n t i l the temperature rise is stabi­

l i z e d . A f t e r the first measurement , i t is necessary to ensure that the ambient temperature 

does not change and after s topping , the stator resistance is i m m e d i a t e l y measured at the 

operat ing temperature. The next part o f the measurement involves gradual ly l o a d i n g 

the m o t o r w i t h a percentage o f the rated torque. The w a r m e d up m o t o r is loaded w i t h 

125% l o a d and gradual ly reduced to 25% of the rated torque. R e d u c i n g the torque w i l l 

also reduce its operat ing temperature, so subsequent stator resistance measurements 

must be made quick ly . The last part involves the m o t o r i tsel f at no load , w h e r e certa in 

magni tudes o f voltage are suppl ied , and again the w i n d i n g resistance is measured. The 

de terminat ion o f i r o n losses is made u s i n g the measured n o - l o a d voltage u s i n g operat ing 

points f r o m 90% to 110% of the rated voltage. The result is the final loss equat ion for the 

m o t o r b e i n g measured. 

-Ploss = -Ps + Pi + Ppe + -Ffw + Phi (3-1) 

C a l c u l a t i o n o f addi t iona l losses a n d m e c h a n i c a l losses u s i n g F E M is possible. A s m e n ­

t ioned above, these losses are u s u a l l y determined as a percentage o f the tota l p o w e r 
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input . These percentages have been the subject o f several articles i n w h i c h they have 

been v e r i f i e d w i t h an actual machine , but the I E C standard defines an exact value of 

the m o t o r i n p u t power . For the F E M to be able to calculate the a d d i t i o n a l losses and 

m e c h a n i c a l losses, a 3 D m o d e l is needed. This can prove to be a v e r y cha l l eng ing task 

because the w h o l e m a c h i n e w i t h bearings, h o u s i n g , end w i n d i n g s (rings), etc. needs to 

be modeled . H o w e v e r , even for 3 D it is c h a l l e n g i n g to m o d e l the eddy current losses 

o c c u r r i n g i n the bearings, h o u s i n g , a n d i n the end r ings . In the next sect ion o f the w o r k 

[29], the F E M w i t h a P W M voltage source is expla ined. The m o t o r speed can be effec­

t ive ly v a r i e d d e p e n d i n g o n the load , w h i c h a l lows us to increase the eff ic iency o f the 

system w h e n u s i n g a converter. A s expla ined, such a h i g h f requency voltage converter 

can further lose h a r m o n i c s , w h i c h increases the temperature o f the machine , a n d this 

again increases fur ther losses. This paper presents a loss d i s t r i b u t i o n m o d e l for a m o t o r 

contro l l ed w i t h a f requency converter. 

Rotor Joule losses 12% 

Harmonic losses 15% 

Figure 3.4: T y p i c a l loss d i s t r i b u t i o n for converter - fed i n d u c t i o n machine , r e d r a w n f r o m 

[29]. 

F o r machines p o w e r e d b y f requency converters , there are special I E C standards that 

speci fy h o w losses can v a r y w h e n p o w e r e d b y a f requency converter at a certa in p o w e r 

output . The losses generated i n the f requency converter i n the semiconductor c o m p o ­

nents are p r o p o r t i o n a l to the h a r m o n i c losses i n the motor. 

Disser ta t ion [29] explains that w h e n ca lcula t ing w i t h P W M p o w e r supply , several 

methods can be i n t r o d u c e d to get the correct result. The first m e t h o d inc ludes setting 

the P W M into the m o d e l according to a pre -measured current w a v e f o r m . This is useful 

i f the l o a d is resistive i n nature, but w i t h loads s u c h as e lectr ical machines , the current 

w a v e f o r m m a y be altered due to inductance , as h i g h inductance w i l l resist the change 

i n current . A n o t h e r o p t i o n is to use a recorded P W M w a v e f o r m i n the m o d e l . This 

46 



m e t h o d m u c h better for electric motors because the current source is f ixed. This m e t h o d 

can be v e r y t ime c o n s u m i n g and c o m p u t a t i o n a l l y intensive as i t requires a v e r y s m a l l 

ca lcula t ion step a n d a v e r y g o o d m e s h size to calculate the h i g h h a r m o n i c s i n the P W M 

w a v e f o r m s . In addi t ion , the embedded P W M w a v e f o r m s are o n l y v a l i d for one operat ing 

po int , w h e r e the m o t o r temperature can increase the rotor resistance d u r i n g actual m o ­

tor operat ion , w h i c h can further increase the losses. This drawback can be c i r c u m v e n t e d 

b y a d d i n g the actual measured m a c h i n e values to obta in the s l ip value . A n o t h e r disad­

vantage is that there is no d a m p i n g p h e n o m e n o n i n the m a c h i n e m o d e l , w h i c h makes 

setting the t ime step a n d b a l a n c i n g i t a p r o b l e m . If the set P W M w a v e f o r m w i l l have 

f luc tuat ion o f the w a v e f o r m osci l la t ions w i l l arise i n the ca lculat ion . This guarantees 

the t ime-s tepping F E A that is needed for the ca lcula t ion o f h a r m o n i c s . In the t h i r d case, 

l i n k i n g the converter hardware to the m o d e l , w h i c h m a y seem l ike a v e r y c o m p l e x task, 

but some c o m m e r c i a l software offers this as an added feature. 

3.7 Uncertainty in motor efficiency measurements 

To b e g i n w i t h , it is necessary to br ie f ly describe today 's methods o f d e t e r m i n i n g 

eff ic iency a n d losses. The lecture presentat ion [33] state that the methods o f d e t e r m i n i n g 

eff ic iency can be d i v i d e d in to t w o methods o f measurement , n a m e l y the direct and the 

indirect m e t h o d . The direct m e t h o d o f d e t e r m i n i n g the eff ic iency o f e lectr ical equipment 

is def ined b y the rat io o f output p o w e r to i n p u t p o w e r or i n p u t power . The indirect 

m e t h o d incorporates k n o w n losses that are either subtracted f r o m the i n p u t p o w e r or 

added to the output power . For the direct m e t h o d : 

V = 7 T - (3-2) 

For the indirec t m e t h o d : 

p p p 
1 out - ' in 1 loss /„ „\ 

77 = P 4- P = P ' ( 3 3 ) 

-'out ~ r - i loss r in 

Fur thermore , the p u b l i c a t i o n [33] ment ions the methods used to determine losses. 

A g a i n , these can be d i v i d e d into t w o different methods , n a m e l y i n p u t - o u t p u t or ca lor i -

metr ic . These t w o methods can be appl ied to a l l e lectr ical machines a n d converters and 

are independent o f each other, so b o t h can be used for the same result. The i n p u t - o u t p u t 

m e t h o d is s t ra ight forward : 
floss -fin -Pout- (3-4) 

For the ca lor imetr ic m e t h o d : 

foss = qm • C • AT. (3.5) 

The [33] teaching materials s h o w some differences i n these methods. The i n p u t -

output m e t h o d is based o n the measurement o f i n p u t a n d output power , w h i l e the ca lor i -
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metr ic m e t h o d uses direct measurement o f the generated heat. N a t u r a l l y , the ca lor imet-

r ic measurement is m u c h more t ime c o n s u m i n g t h a n the i n p u t - o u t p u t m e t h o d , and for 

this reason it is also m u c h less c o m m o n , general ly regarded as an in fer ior o p t i o n and 

sometimes not even a c k n o w l e d g e d b y [33]. The i n p u t - o u t p u t m e t h o d also has d o w n ­

sides, m a i n l y the uncer ta in ty o f m e a s u r i n g losses w i t h h igher magni tudes o f eff icien­

cies. It also introduces some error because electr ical measurements depend o n electr ical 

w a v e f o r m s s u c h as current , voltage a n d also their h a r m o n i c frequencies. F o r this reason, 

it has a l i m i t e d b a n d w i d t h that can be considered i n the measurement . These errors are 

d a m p e n e d b y the h i g h f requency parts i n the e lectr ical measurement . S u c h negatives 

are complete ly e l i m i n a t e d b y the ca lor imetr ic m e t h o d , i t is possible to measure losses 

even w i t h imperfect e lectr ical w a v e f o r m s because they do not affect the measurement 

error. For machines w i t h h i g h efficiency, the ca lor imetr ic m e t h o d is the most suitable 

because the eff ic iency has no effect o n the measurement uncerta inty . Fur thermore , o n l y 

heat is measured, so it has u n l i m i t e d b a n d w i d t h , w h i c h c o u l d be an advantage i n h i g h -

frequency measurements . Last but not least, it is an advantage to be able to see f r o m the 

measurement results w h e t h e r the measured data is t rus tworthy , for example f r o m the 

temperatures. Uncerta int ies w i l l be fur ther expla ined i n the f o l l o w i n g f igure 3.5. 

g l 5 r 
C 
-j E 
'j 
•~> =; 
S; 

110 
o 

-
0 

3 
"3 
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y ~ / - - -j 
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y/0,2% / 
^ / H D i r e c t method / 

5 % Indirect 

^ ^ ^ 0 , 1 % 
•—' Direct method 

i i i 
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90 92 94 96 98 
Eff ic iency (%) 

Figure 3.5: P o w e r measurement error dependence o n efficiency, r e d r a w n f r o m [33]. The 

g r a p h shows the p o w e r measurement error for the direct a n d indirec t methods. 

F igure 3.5 describes h o w the measurement uncer ta in ty increases for certa in eff ic iency 

values. The r i s i n g co lour curves s h o w the direct measurement or eff ic iency measure­

ment. The percentage values next to the curves s h o w the error i n p o w e r a n d p o w e r 

measurements . It is i m p o r t a n t to note that for direct i n p u t - o u t p u t measurements , the 

uncer ta inty o f the loss measurement increases as a f u n c t i o n o f efficiency. N e x t w e need 

to describe the eff iciency measurement error, again expla ined b y the f igure b e l o w 3.6. 
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Figure 3.6: Dependence o f absolute p o w e r measurement error o n efficiency, r e d r a w n 

f r o m [33]. 

In the f igure 3.6 the b lack l ines represent the direct measurement m e t h o d a n d the 

red ones the indirec t measurement m e t h o d . It can be seen f r o m the f igure that for the 

direct m e t h o d , for a curve o f 0.1 %, the uncer ta in ty i n the eff ic iency measurement is less 

than 0.2 %, w h i l e for the indirec t m e t h o d , the error decreases to zero as the eff ic iency 

approaches 100 %. This is n a t u r a l l y due to the h igher efficiency, w h i c h reduces losses 

a n d hence uncerta inty . 

F o r a better u n d e r s t a n d i n g o f b o t h pr inc ip les , the [33] lecture gives examples. For 

f igure 3.5, an example is s h o w n b y c o n s i d e r i n g a p u r p l e curve w h e r e the error i n the 

p o w e r measurement corresponded to 0.1 %. M e a s u r e d p o w e r i n p u t 1000 W , p o w e r output 

960 W a n d eff ic iency 96 %. 

I A P l o s s I A P J + | A P a 10,1%-10001+ 10,1%-9601 « 2 . 

l o s s Pin Pc o u t 1000 - 960 = 40 | A P 7 

4 0 = 5 % -

(3.6) 

(3.7) 

For this example, the c o m b i n e d uncer ta in ty o f the loss measurement corresponds to 5 

%. F o r the second f igure o f the eff ic iency measurement uncer ta in ty ??, an example case 

is again g i v e n b y c o n s i d e r i n g the same measured i n p u t a n d output . 

Vn 

'On 

Pout — | A P o u t | 960 - 1 

Pin + | A P m | 1000 + 1 

Pout + | A P o u t | 960 + 1 

Pin — | A P i n | 1000 - 1 

95,8f-1 

96, 2 i 

(3.8) 

(3.9) 

F r o m these examples, i t is i m p o r t a n t to unders tand the p r i n c i p l e o f uncer ta in ty i n 

loss measurement , w h i c h approaches i n f i n i t y w h e n the eff ic iency approaches 100 %. The 
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p r i n c i p l e can also be unders tood i n reverse, w h e r e a more accurate m e a s u r i n g apparatus 

is needed to measure h i g h eff ic iency devices to get the same measurement error toler­

ance. 
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4 Finite element model 

4.1 SEMTEC induction motor model 

The f o u r t h chapter shows the m o d e l l i n g o f an S E M T E C i n d u c t i o n machine w i t h 

squirre l cage w i t h a l u m i n u m bars for t w o different p o w e r supplies o f a f requency c on­

verter and a generator p o w e r s u p p l y The m a c h i n e geometry w a s created according to 

the [34] documenta t ion , a l l necessary dimens ions are g i v e n i n this document . A N S Y S 

M A X W E L L is used to create the geometry. A N S Y S uses R M X p r t for m o d e l generat ion 

4.1. 

Figure 4.1: R M x p r t geometry. 

A f t e r enter ing a l l d imens ions a n d parameters to R M x p r t , a 2 D m o d e l is obta ined i n 

M A X W E L L 2D, d i sp layed i n f igure 4.2. 

A i r gap Stator yoke  

Stator tooth 

Figure 4.2: A n s y s M A X W E L L 2 D geometry. 
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The p h y s i c a l parameters o f the m o t o r are l i s ted f r o m the 2 D m o d e l i n the table 4.1. 

Table 4.1: P h y s i c a l parameters o f the 2 D i n d u c t i o n m o d e l o f the motor . 

M o t o r physical parameters Value 

Stack i r o n l ength (mm) 160 

Stator i n n e r diameter(mm) 125 

Stator outer diameter (mm) 220 

Rotor outer diameter (mm) 124 

Rotor tangent ia l t ens ion (kPa) 8.51 

N u m b e r o f stator slots (-) 48 

N u m b e r o f rotor bars (-) 40 

N u m b e r o f stator para l l e l branches (-) 2 

Stator co i l - turns per phase (-) 32 

W i n d i n g factor (-) 0.96 

N u m b e r o f pole pairs (-) 2 

N u m b e r o f slots per pole and phase (-) 4 

Stator core mater ia l M 8 0 0 - 6 5 A 

Rotor bars mater ia l A199.5 

The n o m i n a l operat ing parameters o f the m o t o r are l i s ted i n the table 4.2. 

Table 4.2: O p e r a t i n g parameters o f the motor . 

M o t o r parameters Value 

Rated speed (rpm) 1450 

Rated f requency (Hz) 50 

Rated l ine - to - l ine voltage (V), star c o n n e c t i o n 400 

Rated phase voltage (V), star connec t ion 230 

O u t p u t p o w e r ( k W ) 5 

Rated torque (Nm) 32.9 

C u r r e n t (A) 10.4 

Ef f i c iency f r o m losses (-) 0.89 

P o w e r factor (-) 0.74 

Stator resistance (Q) 0.94 

O p e r a t i n g parameters are obta ined f r o m the S E M T E C engine datasheet [35] and 

available materials . 
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4.2 Simulation of generator sine supply for loading point PI 

The first sect ion f i rs t ly shows the m o d e l l i n g o f an i n d u c t i o n m o t o r fed f r o m a sine 

wave p o w e r s u p p l y This sect ion is an example for l o a d p o i n t P i or 90 % speed and 

100% torque. The s i m u l a t i o n has been p e r f o r m e d i n steady state o f the motor , w i t h the 

s i m u l a t i o n t ime set to 700 ms for the s inuso ida l source and the ca lcula t ion t ime step set to 

one m i l l i s e c o n d . The f o l l o w i n g table 4.4 shows the a n a l y z e d values f r o m the s i m u l a t i o n 

for l o a d p o i n t P i . 

Table 4.3: O p e r a t i n g parameters o f the m o t o r for l o a d p o i n t P i w i t h generator supply . 

M o t o r parameters Value 

Rated speed (rpm) 1302 

F u n d e m e n t a l f requency (Hz) 44.599 

Rated l ine - to - l ine voltage (V), star c o n n e c t i o n 400 

Rated phase voltage (V), star connec t ion 230 

O u t p u t p o w e r ( k W ) 4502 

Rated torque (Nm) 33 

Input p o w e r (W) 4960 

Rated phase current (A) 10.26 

Ef f i c iency f r o m losses (-) 0.881 

Tota l loss (W) 605.6 

P o w e r factor (-) 0.766 

E n d - w i n d i n g resistance ((J-Q) 0.697 

E n d - w i n d i n g inductance (nH) 5.5 

Torque r ipple (%) 5.57 

The values are close to the actual values o f the S E M T E C engine. Some deviat ions 

can be seen i n the speed value , w h e r e the s l ip value is not complete ly accurate due to 

the mater ia l a n d l o a d settings i n the F E M . To get more precise s q u i r r e l cage resistance, 

the c o n d u c t i v i t y o f mater ia l w a s adjusted according to the measured ro tor temperatures. 

The biggest difference arises i n the value o f losses, the loss m o d e l was not complete ly 

accurate and requires more adjustments. The p o w e r factor w a s adjusted b y increas ing 

the air gap b y m o v i n g the rotor. This agrees w i t h the real machine , w h e r e due to m a n u ­

fac tur ing the air gap increases b y a f e w mi l l imeters . The current i n phase is also higher. 
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Figure 4 .3 : Rota t iona l speed. 

F o r operat ing p o i n t P i , the rotor speed c o r r e s p o n d i n g to 1305 r p m is reached after 

60 ms a n d is steady after 400 ms. 

200 300 400 
Time (ms) 

500 600 700 

Figure 4.4: Torque d u r i n g start. 

The torque stabilizes i n 480 ms at the n o m i n a l value o f 33.02 N m . 
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Figure 4.5: S u p p l y s inuso ida l voltage. 

Later used for compar isons w i t h P W M voltage. 

150 

100 

50 

I 0 

u 

-50 

-100 

-150 

— - — i 
Phase A 

— Phase B 
Phase C 

V y v K M M Ml / n \ / 
AAA/ AI A V V 

A N 

v y y v 

0 50 100 150 200 250 300 
Time (ms) 

Figure 4.6: Currents d u r i n g start. 

The rated current o f the m a c h i n e after steady state is 10.26 A . The highest value of 

current at start-up is 130.16 A 
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Figure 4.7: Losses i n the i n d u c t i o n m o t o r at steady state. 

F o r a better v i e w o f the d i s t r i b u t i o n o f losses, a pie chart is chosen 4.1 

2.0% 
11.6% (11.98W) 7.4% 

(70.21 W) (45.03 W) 

21.5% 
(129.99 

57.5% 
(348.44 W) 

Core losses 
Solid losses 
Stranded losses 
Extra losses 

™ Windage losses 

Figure 4.8: D i s t r i b u t i o n o f losses at steady state. 

The magni tudes o f the losses are not t r u s t w o r t h y c o m p a r e d to the measurements , 

there is a large devia t ion . The loss f igures are s h o w n here o n l y to compare s imulat ions 

w i t h s inuso ida l p o w e r and P W M . 
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Figure 4.9: F l u x densi ty i n the air gap. 

F l u x densi ty i n the air gap w i t h the f u n d a m e n t a l h a r m o n i c is equal to 0.863 T. 

Figure 4.10: N o r m a l i z e d h a r m o n i c content o f flux densi ty r a d i a l component . 

The h a r m o n i c content o f air gap flux densi ty w i t h the highest h a r m o n i c s are the 1, 

21,23, 25, 47 a n d 49. 
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4.3 Simulation of converter PWM supply for loading point PI 

This sect ion describes the process o f s i m u l a t i n g the f requency converter w i t h P W M . 

D u r i n g the measurements o f the S E M T E C m o t o r w i t h converter supply , the voltage 

w a v e f o r m s o f the m o t o r were also recorded. To obta in the voltage equations w i t h P W M 

h a r m o n i c s , i t was necessary to analyze the voltage w a v e f o r m s u s i n g M a t l a b . The first 

step w a s a Fast Fur ie r T r a n s f o r m a t i o n o f the w a v e f o r m . In f igure 4.11 the F F T analy­

sis o f one phase can be seen. The idea b e h i n d the P W M s i m u l a t i o n is to create voltage 

equations that w i l l then be used i n A N S Y S 2D. The equations are made up o f h a r m o n i c s 

obta ined f r o m the F F T o f the measured voltage w a v e f o r m . 

0 2000 4000 6000 8000 10000 
Frequency (Hz) 

Figure 4.11: F F T o f voltage w a v e f o r m measured w i t h converter measurements . 

The value o f the first h a r m o n i c corresponds to 291 V , the pic ture is enlarged to better 

s h o w the other h a r m o n i c s . Since this is P W M , there are too m a n y h a r m o n i c s to create 

an equat ion. F o r this reason, it was dec ided to l i m i t the h a r m o n i c s p e c t r u m u s i n g the 

per u n i t va lue o f the first h a r m o n i c . The l i m i t w a s set at 5% p . u . The l i m i t was chosen 

to inc lude as m a n y h a r m o n i c s as possible , but s t i l l a l l o w the voltage equat ion to be 

inserted into the F E M . The creat ion o f the equat ion was done b y a code that generated 

the equat ion d e p e n d i n g o n the n u m b e r o f harmonics . This p r o d u c e d the f o l l o w i n g F F T 

4.12. 
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Filtered Single-Sided Amplitude Spectrum (Voltage) 

CD 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

i > 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

i 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

i 

• 

• 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

i 

• 

• 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

I 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

1 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 
0 1000 2000 3000 4000 5000 6000 7000 8000 

Frequency (Hz) 

Figure 4.12: F F T o f voltage w a v e f o r m w i t h l i m i t e d h a r m o n i c s . 

M o s t o f the h a r m o n i c s are a r o u n d the s w i t c h i n g frequency. Fur thermore , for ac­

curacy, it w a s also necessary to f i n d out the h a r m o n i c angles. These are s h o w n i n the 

f o l l o w i n g f igure 4.13. 

Phase Angles of Filtered Harmonics (in Radians) 
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Figure 4.13: Phase angles o f f i l tered h a r m o n i c s . 

The angle, together w i t h the h a r m o n i c ampl i tudes , is w r i t t e n into the equat ion. 
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It w a s also necessary to check the recreated voltage w a v e f o r m because a f requency 

fi lter was appl ied to the voltage w a v e f o r m to attenuate the noise f r o m the w a v e f o r m . 

The f o l l o w i n g f igure 4.14 shows a c o m p a r i s o n o f the o r i g i n a l measured w a v e f o r m and 

the w a v e f o r m that w a s f i l tered b y the f requency filter. 

600 

-600 1 1 1 1 1 1 1 d 

0 1 2 3 4 5 6 7 
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Figure 4.14: O r i g i n a l measured voltage w a v e f o r m a n d f i l tered w a v e f o r m . 

The F F T was again a p p l i e d to this voltage w a v e f o r m . A n e w w a v e f o r m was created 

f r o m the h a r m o n i c ampli tudes , w h i c h is c o m p a r e d i n the f o l l o w i n g f igure 4.15. 

400 I 1 1 1 1 1 1 n 

Figure 4.15: O r i g i n a l f i l tered w a v e f o r m c o m p a r e d w i t h recreated f u l l one. 
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The use o f per u n i t threshold produces a f i l tered voltage w a v e f o r m seen i n the next 

4.16. 

Figure 4.16: O r i g i n a l f i l tered w a v e f o r m c o m p a r e d w i t h recreated f i l tered one. 

Figure 4.17: O r i g i n a l current w a v e f o r m c o m p a r e d to the recreated one. 

In the last part w e check the correctness u s i n g cumulat ive power . The f igure 4.18 
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shows the c r i t i ca l frequencies based o n the inver ter s w i t c h i n g frequency. The c o m p a r i ­

son a l l o w e d for c h e c k i n g h o w m u c h p o w e r is lost b y u s i n g a f i l tered w a v e f o r m . 
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Figure 4.18: O r i g i n a l f i l tered w a v e f o r m c o m p a r e d w i t h recreated f u l l ones. 

Table 4.4: O p e r a t i n g parameters o f the m o t o r for l o a d p o i n t P I w i t h converter supply . 

M o t o r parameters Value 

Rated speed (rpm) 1302 

F u n d e m e n t a l f requency (Hz) 44.594 

F u n d e m e n t a l voltage (V) 206.1 

O u t p u t p o w e r ( k W ) 4526 

Rated torque (Nm) 33.2 

Input p o w e r (W) 5140 

Rated phase current (A) 10.72 

Ef f i c iency f r o m losses (-) 0.87 

Tota l loss (W) 685.936 

P o w e r factor (-) 0.66 

E n d - w i n d i n g resistance ((J-Q) 0.697 

E n d - w i n d i n g inductance (nH) 5.5 

Torque r ipple (%) 23.07 

The difference w i t h the generator was the h igher current a n d h igher losses. The 

p o w e r factor is l o w e r a n d the torque r ipple has increased s igni f icant ly . H o w e v e r , c o m ­

pared to the torque r ipple , the operat ing parameters have not changed that m u c h . 

Raw completely unfiltered 
Butterworth 10 kHz prefiltering 
Filtered 
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Figure 4.19: Rota t iona l speed. 

The m o t o r start-up r e m a i n e d almost the same. 

250 

200 
Time (ms) 

400 

Figure 4.20: Torque d u r i n g start. 

A d d i t i o n a l h a r m o n i c s f r o m P W M s u p p l y increased torque r ipple f r o m 5.57 % 

23.01 %. 
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400 
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Figure 4.21: S u p p l y s inuso ida l voltage. 

D e t a i l e d l o o k at the i n p u t voltage dis torted w i t h a d d i t i o n a l harmonics . 

150 

0 50 100 150 200 250 300 
Time (ms) 

Figure 4.22: C u r r e n t s d u r i n g start. 

The same is true for the current i n the motor . The current w a v e f o r m is more distorted 

a n d the m e a n value is higher. 
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Figure 4.23: Losses i n the i n d u c t i o n m o t o r at steady state. 

Voltage r ipple appeared i n the loss w a v e f o r m . For a better v i e w o f the d i s t r i b u t i o n 

o f losses, a pie chart is chosen 4.24. 

Figure 4.24: D i s t r i b u t i o n o f losses at steady state. 

W i t h the c o m p a r i s o n o f s inuso ida l p o w e r supply , the losses increased b y 80 W . The 

biggest increase occurred i n core losses w i t h an increase o f a lmost 50 W . S o l i d losses and 

joule losses increased s l ight ly . 
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Figure 4.25: F l u x densi ty i n the air gap. 

The f u n d a m e n t a l h a r m o n i c is a lmost the same 0.86 T, but the w a v e f o r m o f flux den­

sity i n the air gap changed s igni f i cant ly w i t h h igher peaks. 

12 15 18 21 24 27 30 33 36 39 42 45 48 
Harmonic number 

Figure 4.26: N o r m a l i z e d h a r m o n i c content o f flux densi ty r a d i a l component . 

The highest h a r m o n i c s are s t i l l the 1, 18, 23, 25, 47 a n d 49, but have their ampl i tudes 

increased. 
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5 Experimental measurements 

5.1 Induction motor 

F o r the exper imenta l measurements , a t imetable w a s established that d i v i d e d the 

measurements into several parts. A c c o r d i n g to the E N I E C 60034-2-3 standard, the load 

points were chosen and are described i n the f o l l o w i n g table. 

Table 5.1: N o r m a l i z e d operat ing points f r o m [28]. 

n T P C o m m e n t 

P I 0.9 1 0.9 A l s o i n c l u d e d i n I E C 61800-9-2 

P2 0.5 1 0.5 A l s o i n c l u d e d i n I E C 61800-9-2 

P 3 0.25 1 0.25 

P 4 0.9 0.5 0.45 A l s o i n c l u d e d i n I E C 61800-9-2 

P5 0.5 0.5 0.25 A l s o i n c l u d e d i n I E C 61800-9-2 

P6 0.5 0.25 0.125 A l s o i n c l u d e d i n I E C 61800-9-2 

PI 0.25 0.25 0.0625 

The n u m b e r i n g o f the po in ts is s l ight ly different f r o m the n u m b e r i n g used 

i n I E C 61800-9-2 

F o r a better v i e w , the l o a d po in ts are s h o w n i n the f o l l o w i n g graph. 
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Figure 5.1: C h o s e n l o a d points f r o m the standard [28]. 

The S E M T E C test fanless 3-phase i n d u c t i o n m o t o r w i l l be loaded w i t h seven stan­

dardized operat ing points w i t h t w o different p o w e r supplies . 
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A s a first test, a retardat ion test w i l l be p e r f o r m e d to determine the m e c h a n i c a l losses, 

w h i c h w i l l have to be p e r f o r m e d at h i g h speed. The re tardat ion test w i l l be p e r f o r m e d af­

ter the n o - l o a d h e a t - r u n w i t h the converter supply. The re tardat ion curve w i l l range f r o m 

3500 1/min a n d there w i l l be several re tardat ion curves taken w h i l e c o o l i n g d o w n . In the 

next measurement , the m o t o r w a s fed b y an A B B frequency converter u s i n g four differ­

ent s w i t c h i n g frequencies w i t h the same l o a d i n g p o i n t P2. A f t e r this measurement , the 

next step was to measure the other operat ing points for w h i c h the s w i t c h i n g f requency 

o f 4 k H z was determined. The t h i r d measurement i n v o l v e d m e a s u r i n g w i t h a standard 

s inusoidal w a v e f o r m , w h i c h was s u p p l i e d b y a generator. The last measurement covered 

the measurement o f the voltage curve w i t h the generator, w h i c h was measured accord­

i n g to the standard. 

Table 5.2: M e a s u r e m e n t p l a n 

Measurement 
O p e r a t i n g ambient temperature is 27 °C for the 

chamber. 

1. Retardation test 
N o - l o a d h e a t r u n w i t h converter s u p p l y + 

retardat ion curve 

2. Converter supply n T P 

4 k H z P I 0.9 1 0.9 

F o u r s w i t c h i n g 

frequencies 
P2 0.5 1 0.5 

4 k H z P3 0.25 1 0.25 

4 k H z P4 0.9 0.5 0.45 

4 k H z P5 0.5 0.5 0.25 

4 k H z P6 0.5 0.25 0.125 

4 k H z P7 0.25 0.25 0.0625 

3. Generator supply n T P 

P I 0.9 1 0.9 

P2 0.5 1 0.5 

P3 0.25 1 0.25 

P4 0.9 0.5 0.45 

P5 0.5 0.5 0.25 

P6 0.5 0.25 0.125 

P7 0.25 0.25 0.0625 

4. N o - l o a d test 
N o - l o a d h e a t r u n + voltage curve test w i t h generator 

s u p p l y 

A p l a n was established for the measurements . 
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5.2 Methology 

The m e a s u r i n g stat ion consists o f several parts. The b lock d i a g r a m describes the 

basic measurement methodology . 

Loading 
motor 

C o n v e r t e r 

T o r q u e a n d 
speed 

m e a s u r e m e n t 

n 

v_f_ 

Power 
analyzer 

v u \l 

Labview 

C h a m b e r 2 7 ° C 

U Tested 
M o t o r 

14 Sensors 

M u l t i m e t e r 

o > 

C o n v e r t e r 

For the second 
measurement, 
the converter is 
not connected 

Sine s u p p l y 

Average temperature 

Figure 5.2: A n a l y z e d geometry. 

The i n d u c t i o n m o t o r under test is located i n a chamber that has the f u n c t i o n o f m a i n ­

t a i n i n g constant ambient condi t ions . The operat ing temperature o f the chamber is 27 °C. 

The temperature i n the chamber is m a i n t a i n e d b y a heat ing resistor and is contro l l ed to a 

predetermined temperature u s i n g the L a b V I E W interface. To be able to c o n t r o l the tem­

perature, there are several t h e r m a l sensors i n the chamber that sense the temperature 

at specif ic locat ions i n the chamber. PT100 sensors are also ins ta l led i n the i n d u c t i o n 

m o t o r to sense temperature at specif ic locat ions. 
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Figure 5.3: D i s t r i b u t i o n o f sensors i n the m o t o r f r o m [36]. 

the sensors i n the m o t o r are p laced i n groups i n certa in parts . The sensors i n the 

stator slots are evenly spaced throughout the depth o f the motor . Sensors are also p laced 

i n the drive end a n o n d r i v e - e n d i n the stator i r o n a n d i n the e n d w i n d i n g s . In addi t ion , 

there are sensors i n the rotor o f the m a c h i n e w h e r e one is p laced i n the rotor y o k e and 

the other i n the end r i n g . These sensors w o r k o n the basis o f t ransformers a n d transmit 

temperature readings. A l o a d i n the f o r m of a second electric m o t o r is connected to 

the tested i n d u c t i o n motor . The l o a d is contro l l ed b y its o w n frequency converter. A 

m e a s u r i n g shaft is connected before the load , w h i c h measures the machine speed and 

torque o n the shaft w i t h great accuracy. The p o w e r s u p p l y for the m o t o r under test 

was selected according to the type o f test. In the b lock d iagram, this is indica ted b y the 

t w o Sine s u p p l y a n d C o n v e r t e r b locks b e l o w the chamber b lock . The last part is the 

p o w e r analyzer , w h i c h is used to measure the e lectr ical quantit ies o f the machine . These 

quantit ies are then v i e w e d w i t h the L a b V I E W interface, w h e r e they are sequent ia l ly 

recorded a n d thus the entire progress o f the measurement can be m o n i t o r e d . 

Table 5.3: C o m p e n s a t i o n o f torque for measurement values o f load . 

Calculated load points Bearing + zero H B M Torque reading 

T(Nm) T(Nm) T(Nm) 

P I 32.93 -0.48 -32,45 

P2 32.93 -0.46 -32,47 

P3 32.93 -0.37 -32,56 

P4 16.46 -0.48 -15,98 

P5 16.46 -0.46 -16,00 

P6 8.23 -0.46 -7,77 

P7 8.23 -0.37 -7,86 
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C o n v e n t i o n a l bearings were used to connect the load , the m e a s u r i n g shaft, and the 

machine under test. S u c h bearings have their o w n torque and, therefore, it was necessary 

to a p p l y a correc t ion to the l o a d p r i o r to measurement . 

5.3 Measurement results 

5.3.1 Retardation test 

In the first part , a re tardat ion test was p e r f o r m e d . 

Table 5.4: Results f r o m retardat ion test. 

Retardat ion test F r i c t i o n a n d w i n d a g e loss (W) 16.63 at 1450 r p m 

Inert ia used f r o m F E A Inert ia ( k g m 2 ) 0.029 

Inert ia o f bearings Inert ia ( k g m 2 ) 0.00343 

In the table 5.4 the measured data are g i v e n for the rated m o t o r speed. Inert ia values 

calculated f r o m the A n s y s M A X W E L interface were used to calculate the retardat ion 

test curve. F o r the bearings, values f r o m the d o c u m e n t a t i o n were used. 

4000 r 

0 10 20 30 40 50 60 70 80 90 
Time (s) 

Figure 5.4: Character is t ic descr ib ing the decelerat ion retardat ion curve. 

The re tardat ion test was p e r f o r m e d f r o m 3500 r p m several t imes to v e r i f y the mea­

surement. The m o t o r was preheated to approx imate ly n o r m a l operat ing temperature 
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before p e r f o r m i n g the retardat ion tests. The retardat ion tests were p e r f o r m e d w h i l e the 

m o t o r was c o o l i n g to see the possible temperature dependence o f the m e c h a n i c a l losses 

o f the bearings. The green curve i n the f igures is an out l ier i n the m i d d l e o f other almost 

ident ica l tests. The different behavior can be caused, e.g. b y some tensions i n the m o t o r 

d u r i n g the c o o l i n g . 
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Figure 5.5: M e c h a n i c a l losses characterist ics d e p e n d i n g o n speed. 

F igure 5.5 shows the calculated curves. The results o f the re tardat ion test d i d not 

s h o w any consistent temperature dependence. Therefore, the green case w a s ignored , 

a n d the f i n a l m e c h a n i c a l loss values used i n the fur ther analysis are based o n the re­

m a i n i n g curves 's average values at each speed. The M A T L A B code a l lows to f i n d the 

m e c h a n i c a l loss values for a def ined veloci ty . The table 5.4 shows the value for the n o m ­

i n a l m o t o r speed. 

5.3.2 Converter supply measurement 

The retardat ion test was f o l l o w e d b y the measurement o f the m o t o r w i t h the fre­

quency converter as a source. The first part w i t h the f requency converter w a s to measure 

one w o r k i n g p o i n t P2, w h e n the speed was h a l f w i t h f u l l load. For this operat ing po int , 

four s w i t c h i n g frequencies were used, n a m e l y 2, 4, 8 a n d 12 k H z . The purpose w a s to 

observe the losses due to h a r m o n i c s i n c o m p a r i s o n to the inver ter losses. Measurements 

w i t h different s w i t c h i n g frequencies s h o w the temperature difference i n the table 5.5. 
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Table 5.5: M e a s u r e d temperature values w i t h different s w i t c h i n g frequencies i n test 

p o i n t P2 (50% speed, 100% torque). 

2 k H z 4 k H z 8 k H z 12 k H z 

Stator slot 

T e m p . 1 (°C) 72.8 69.2 67.2 66.5 

Stator slot T e m p . 2 (°C) 72.5 69.0 67.0 66.3 Stator slot 

T e m p . 3 (°C) 74.1 70.4 68.3 67.6 

E n d w i n d i n g - n o n dr ive end 

T e m p . 4 (°C) 74.5 70.9 68.7 68.0 

E n d w i n d i n g - n o n dr ive end T e m p . 5 (°C) 75.4 71.8 69.7 69.0 E n d w i n d i n g - n o n dr ive end 

T e m p . 6 (°C) 77.4 73.4 71.1 70.4 

Stator i r o n 

Temp. 10 (°C) 64.6 61.6 59.9 59.2 

Stator i r o n Temp. 11 (°C) 65.1 62.1 60.3 59.7 Stator i r o n 

Temp. 12 (°C) 69.5 66.1 64.1 63.5 

E n d w i n d i n g - dr ive end 

T e m p . 7 (°C) 78.2 74.1 71.7 71.0 

E n d w i n d i n g - dr ive end T e m p . 8 (°C) 77.1 73.2 71.0 70.3 E n d w i n d i n g - dr ive end 

T e m p . 9 (°C) 76.1 72.3 70.1 69.3 

Stator i r o n 

Temp. 13 (°C) 68.3 65.0 63.1 62.4 

Stator i r o n Temp. 14 (°C) 68.4 65.1 63.2 62.6 Stator i r o n 

Temp. 15 (°C) 71.5 67.9 65.8 65.1 

M i d d l e o f stator i r o n Temp. 16 (°C) 65.1 62.0 60.3 59.6 

R o t o r end r i n g Temp. 17 (°C) 90.9 84.1 80.4 79.2 

Rotor y o k e Temp. 18 (°C) 93.8 87.5 83.5 82.0 

Later, the measurements were taken f r o m l o a d p o i n t 2 d o w n w a r d . Before the first 

measurement , the m o t o r w a s a l l o w e d to w a r m up to operat ing temperature for one 

day. A f t e r the heat r u n , measurements were taken every day at an average l o c a l t ime 

o f a r o u n d 12:30. This m e t h o d was chosen because o f the var iable condi t ions i n the 

laboratory. The v e n t i l a t i o n a n d l ights i n the laboratory were t u r n e d off overnight . In 

the m o r n i n g , t u r n i n g o n the v e n t i l a t i o n i n the laboratory s h o w e d up i n the temperature 

w a v e f o r m s a n d i n the measurements , so i t w a s necessary to w a i t for the temperature 

to settle into e q u i l i b r i u m . Some measurements c o u l d be taken after several hours , but 

to standardize the measurements , a p e r i o d i z a t i o n w a s chosen every day. The measured 

values were w r i t t e n f r o m the L A B v i e w interface i n an excel csv format . 

In the next f igure 5.6 y o u can see the previous statement, w h e r e the total 

losses and also the heat ing o f the m a c h i n e are the highest at a s w i t c h i n g f requency of 

2 k H z , but for h i g h e r s w i t c h i n g frequencies there is no less difference. W h i l e for the 

l o w frequencies o f 2 k H z a n d 4 k H z the differences are somewhat large, be tween the 

h igher frequencies o f 8 k H z a n d 12 k H z the differences are v e r y smal l . 
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The f o l l o w i n g f igure shows the measured values for the w o r k i n g p o i n t P2 a n d the 

temperatures i n 5.5. 

2khz 4 khz 8 khz 12 khz 

Switching frequency (kHz) 

• Total loss • Temperature rise 

Figure 5.6: C o m p a r i s o n o f to ta l losses a n d temperature RISE for different s w i t c h i n g 

frequencies at 50% speed a n d 100% load. The secondary and p r i m a r y axes were selected 

to m a t c h the loss and temperature rise bars at 2 k H z . 

The recorded electr ical values for the f u l l measurement o f a l l l o a d i n g points are i n 

table 5.6. The temperature values recorded are i n the f o l l o w i n g tables 5.7 a n d 5.5. 

Table 5.6: M e a s u r e d values for the converter supply . 

P I P2 P3 P4 P5 P6 P7 

Urms (V) 260.4 230.0 173.9 263.2 113.7 229.5 169.2 

Irms (A) 10.4 10.4 10.4 7.5 7.4 6.6 6.5 

P i ( W ) 5032.1 2937.8 1614.1 2580.2 1498.3 835.2 449.5 

S ( W ) 8126.0 7157.9 5441.3 5930.8 2523.1 4524.1 3282.8 

Q(w) 6380.4 6527.2 5196.3 5340.1 2076.3 4446.3 3251.9 

A ( - ) 0.62 0.41 0.30 0.44 0.57 0.18 0.14 

P 2 ( W ) 4502.0 2502.1 1246.6 2244.4 1251.5 625.3 313.0 

n (rpm) 1337.8 726.5 361.5 1305.5 724.3 725.2 362.3 

T (Nm) -32.93 -32.89 -32.93 -16.42 -16.51 -8.23 -8.25 

Ploss (W) 530.1 435.7 367.5 335.8 246.8 209.9 136.5 

rj(%) 89.47 85.17 77.23 86.99 83.53 74.87 69.64 
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Table 5.7: M e a s u r e d temperature values for places i n the m o t o r for the converter supply. 

P I P2 P3 P4 P5 P6 P7 

Stator slot 

T e m p 1. (°C) 76.9 69.2 62.9 59.9 52.0 48.5 41.8 

Stator slot T e m p 2. (°C) 76.6 69.0 62.9 60.0 52.1 48.7 42.1 Stator slot 

T e m p 3. (°C) 78.2 70.4 64.1 60.8 52.7 49.2 42.4 

E n d w i n d i n g - n o n drive 

T e m p 4. (°C) 78.0 70.9 64.8 60.1 52.7 48.9 42.5 

E n d w i n d i n g - n o n drive T e m p 5. (°C) 79.1 71.8 66.0 60.6 53.1 49.2 42.8 E n d w i n d i n g - n o n drive 

T e m p 6. (°C) 80.6 73.4 67.2 61.8 54.1 50.2 43.4 

Stator i r o n 

T e m p 10. (°C) 68.5 61.6 55.9 54.9 47.9 45.1 39.3 

Stator i r o n T e m p 11. (°C) 69.1 62.1 56.4 55.4 48.1 45.3 39.4 Stator i r o n 

T e m p 12. (°C) 73.9 66.1 60.1 58.5 50.5 47.4 40.6 

E n d w i n d i n g - drive 

T e m p 7. (°C) 81.8 74.1 67.7 62.5 54.5 50.4 43.5 

E n d w i n d i n g - drive T e m p 8. (°C) 80.8 73.2 66.8 61.8 54.0 50.0 43.3 E n d w i n d i n g - drive 

T e m p 9. (°C) 79.7 72.3 65.9 61.4 53.6 49.8 43.2 

Stator i r o n 

T e m p 13. (°C) 72.3 65.0 59.2 57.5 49.9 46.9 40.6 

Stator i r o n T e m p 14. (°C) 72.6 65.1 59.1 57.8 50.1 47.0 40.7 Stator i r o n 

T e m p 15. (°C) 75.8 67.9 61.7 59.8 51.5 48.3 41.6 

M i d d l e o f stator i r o n T e m p 16. (°C) 68.9 62.0 56.4 55.2 48.1 45.3 39.5 

Rotor end r i n g T e m p 17. (°C) 89.9 84.1 79.3 65.0 56.9 51.4 42.5 

R o t o r y o k e T e m p 18. (°C) 93.8 87.5 82.0 68.6 60.1 54.5 45.2 

U s i n g the measured values f r o m tables 5.6 a n d 5.7 the f o l l o w i n g f igure 5.7. 

n90T100 n50T100 n25T100 n90T50 n50T50 n50T25 n25T25 

Load points 
• Total loss • Temperature rise 

Figure 5.7: C o m p a r i s o n o f total losses and temperature rise for l o a d po in ts P W M . 
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The figure 5.7 shows the c o m p a r i s o n o f tota l losses and m o t o r heat ing i n the tem­

perature rise. A g a i n , the ranges o f the secondary a n d p r i m a r y axes have been selected 

to m a t c h the loss and temperature rise bars at the first l o a d p o i n t P i . It can be seen that 

the measurement results f o l l o w a l inear t rend. The seemingly l inear t rend is due to h o w 

the losses i n this specif ic machine change be tween the operat ing points - i n practice, 

bas ica l ly a coincidence . This f igure shows that the measurement results can be trusted. 

The losses and temperature rise i n an electr ical m a c h i n e are expected to be p r o p o r t i o n a l 

to each other under s imi lar c o o l i n g condi t ions , and this f igure c lear ly shows this depen­

dence. H o w e v e r , i n the case o f these tests, the temperature rise seems to be a bit h igher 

at l o w e r speeds a n d loads relative to the determined losses. The table 5.7 shows the 

measured temperature values i n certa in parts o f the machine . The categories i n the table 

correspond to the 5.3 f igure, w h e r e the m e a s u r i n g sensors are n u m b e r e d a n d described. 

For a better d isp lay o f the measured temperature values f r o m the table 5.7 t w o images 

5.8 a n d 5.9 are used. The bar chart is s i m i l a r to the table, but i t is easy to see w h e r e 

the highest temperatures are, a n d the 3 D bar chart gives a better idea. The temperature 

value decreases w i t h the difference i n the l o a d points . The highest temperatures were i n 

the rotor y o k e , a n d the lowest temperatures were i n the stator i r o n . 

Figure 5.8: H e a t m a p o f average temperatures for converter across components and 

l o a d i n g points . 
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Figure 5.9: 3 D bar chart o f converter temperatures. 

5.3.3 Generator supply measurement 

Table 5.8: M e a s u r e d electr ical quantit ies used to compare the t w o measurements . 

PharmPD (W) -^AVGfund (A) tfhfund (V) / f u n d (Hz) C o n - g e n difference 

C o n v e r t e r ^ d i f f ( V ) 

n90T100 48.720 10.357 206.103 44.594 0.060 

n50T100 65.796 10.316 116.837 25.297 0.507 

n25T100 43.691 10.391 60.870 13.198 -0.18 

n90T50 51.546 7.444 203.424 43.994 0.179 

n50T50 66.436 7.364 113.682 24.597 -0.005 

n50T25 67.525 6.468 112.838 24.397 0.002 

n25T25 41.099 6.389 56.864 12.298 0.784 

Generator / d i f f ( H z ) 

n90T100 1.21 10.37 206.04 44.599 -0.005 

n50T100 1.32 10.30 116.33 25.268 -0.029 

n25T100 0.12 10.39 61.05 13.231 0.033 

n90T50 0.31 7.47 203.25 43.999 -0.005 

n50T50 0.21 7.39 113.69 24.599 -0.002 

n50T25 0.17 6.51 112.84 24.400 -0.003 

n25T25 0.92 6.21 56.08 12.157 0.014 

77 



The same rules were appl ied as i n the previous measurement . The measurements 

were taken at the same t ime o f the day. Table 5.8 shows the necessary electr ical quant i ­

ties that h a d to be m o n i t o r e d to make the measurements comparable . The quantit ies that 

were matched to make the measurements comparable are the f u n d a m e n t a l voltage and 

f u n d a m e n t a l f requency (fund, voltage a n d f u n d , f requency determine the opera t ing state 

o f the motor , but f u n d , current can be s l ight ly different). The f requency w a s contro l l ed 

b y F F T analysis o f the voltage w a v e f o r m d u r i n g the measurement . In the first part of 

the measurements , the f requency values were w r o n g l y set because o n l y the f u n d a m e n ­

tal values o f the inverter voltage were checked, w h i c h were then fed in to the s inuso ida l 

p o w e r supply . A f t e r r e a l i z i n g this error, the magni tude o f the f u n d a m e n t a l f requency 

began to be cons idered as a reference. Some operat ing points h a d to be remeasured. 

Re-measured l o a d i n g po in ts are m a r k e d i n b o l d . 

Table 5.9: M e a s u r e d temperature values for places i n the m o t o r for the generator supply. 

P I P2 P3 P4 P5 P6 P7 

Stator slot 

T e m p . 1 (°C) 72.7 63.0 59.4 56.1 46.9 43.3 38.8 

Stator slot T e m p . 2 (°C) 72.7 62.9 59.3 56.3 47.1 43.6 39.1 Stator slot 

T e m p . 3 (°C) 73.9 64.0 60.1 57.0 47.5 43.8 39.1 

E n d w i n d i n g - n o n drive 

T e m p . 4 (°C) 74.0 64.6 61.4 56.4 47.5 43.7 39.3 

E n d w i n d i n g - n o n drive T e m p . 5 (°C) 74.7 65.5 61.9 56.9 47.9 43.9 39.4 E n d w i n d i n g - n o n drive 

T e m p . 6 (°C) 76.3 66.7 63.4 57.7 48.7 44.6 40.1 

Stator i r o n 

Temp. 10 (°C) 65.0 56.4 53.1 51.8 43.6 40.8 36.8 

Stator i r o n Temp. 11 (°C) 65.6 56.8 53.4 52.1 43.8 40.9 36.8 Stator i r o n 

Temp. 12 (°C) 69.8 60.2 56.6 55.1 45.7 42.4 37.8 

E n d w i n d i n g - dr ive 

T e m p . 7 (°C) 77.4 67.3 63.7 58.3 48.9 44.7 40.0 

E n d w i n d i n g - dr ive T e m p . 8 (°C) 76.4 66.6 63.1 57.8 48.6 44.5 40.0 E n d w i n d i n g - dr ive 

T e m p . 9 (°C) 75.6 65.8 62.5 57.3 48.3 44.4 39.9 

Stator i r o n 

Temp. 13 (°C) 68.4 59.2 55.4 53.8 45.2 42.0 37.7 

Stator i r o n Temp. 14 (°C) 68.7 59.4 55.9 54.2 45.3 42.2 37.8 Stator i r o n 

Temp. 15 (°C) 71.9 61.7 57.9 55.8 46.4 43.0 38.3 

M i d d l e o f stator i r o n Temp. 16 (°C) 65.4 56.7 53.3 52.0 43.8 41.0 36.9 

Rotor end r i n g Temp. 17 (°C) 84.1 74.9 73.3 59.1 48.9 43.0 37.2 

R o t o r y o k e Temp. 18 (°C) 87.9 77.8 76.3 62.7 51.9 45.8 40.0 

S i m i l a r l y to the f requency converter sect ion, the 5.10 table shows the measured elec­

t r i ca l quantit ies obta ined f r o m the generator measurements a n d the 5.9 table shows the 

measured temperatures at the def ined locat ions. The magni tudes o f the temperatures 

are l o w e r c o m p a r e d to the f requency converter. 
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Table 5.10: M e a s u r e d values for the generator supply . 

P I P2 P3 P4 P5 P6 P7 

Urms (V) 206.10 116.86 60.88 203.32 113.71 112.89 56.78 

Irms (A) 10.37 10.33 10.41 7.47 7.40 6.51 6.42 

A ( W ) 4981.66 2868.36 1569.90 2543.33 1433.55 767.58 409.27 

S ( W ) 6411.60 3621.11 1900.63 4558.06 2523.13 2203.37 1092.66 

Q(w) 4036.22 2210.15 1071.34 3782.48 2076.32 2065.33 1013.10 

A ( - ) 0.78 0.79 0.83 0.56 0.57 0.35 0.37 

P 2 ( W ) 4505.13 2509.47 1249.27 2245.75 1252.09 624.83 313.25 

n (rpm) 1305.65 727.64 362.33 1305.84 -723.83 725.39 361.69 

T (Nm) -32.93 -32.93 -32.92 -16.42 -16.51 -8.23 8.27 

Ploss (W) 476.53 358.89 320.63 297.58 181.46 142.75 96.03 

rj(%) 90.43 87.49 79.58 88.30 87.34 81.40 76.54 
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Figure 5.10: C o m p a r i s o n o f total losses a n d temperature rise w i t h different l o a d points 

w i t h generator supply . 

A g a i n as before, here is a f igure s h o w i n g the c o m p a r i s o n o f the total losses w i t h 

m o t o r w a r m i n g based o n the tables 5.9 a n d 5.10. The ranges o f the secondary and 

p r i m a r y axes have been selected to m a t c h the loss and temperature rise bars at the first 

l o a d p o i n t P i . It can be seen that the measurement results f o l l o w the same t rend as the 

converter supply. 
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To better d isp lay the table 5.9, t w o f igures are p lo t ted s h o w i n g the d i s t r i b u ­

t i o n o f the average temperatures i n the m o t o r structure for the specif ied sensor 

locat ions . A s i n the prev ious sect ion, the heat m a p 5.11 shows a p r e v i e w of w h e r e 

the highest a n d lowest temperatures are located. H o w e v e r , a 3 D bar g r a p h 5.12 is also 

p r o v i d e d to give a better idea, where , a l though the values are harder to see, the absolute 

magnitudes are better d isplayed. W h e n c o m p a r i n g the t w o p o w e r supplies so far, there 

is l itt le difference i n temperatures, but the highest temperatures are i n the same places. 

The rotor parts reach the highest temperatures. The largest temperature differences 

be tween the l o a d po in ts are related to the highest l o a d point . A s the l o a d decreases, the 

specific h i g h temperature points disappear a n d the heat i n the m o t o r is more evenly 

dis tr ibuted. 

End Winding - Drive End 

o 
D. E o 
U 

Rotor End Ring 

Rotor Yoke 

73.1 63.3 59.6 56.5 47.2 43.6 39.0 

75.0 65.6 62.2 57.0 48.0 44.1 39.6 

66.8 57.8 54.4 53.0 44.4 41.4 37.1 

6. 66.6 63.1 57.8 48.6 44.5 40.0 

69.7 60.1 56.4 54.6 45.6 42.4 38.0 

65.4 56.7 53.3 52.0 43.8 41.0 36.9 

8 74.9 73.3 59.1 43.0 37.2 

62.7 51.9 45.8 40.0 87.9 • 76.3 62.7 51.9 45.8 40.0 

/ / / # ^ 
Loading Points 

4> xp 

Figure 5.11: Heat m a p o f average temperatures for generator across components and 

l o a d i n g points . 
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Figure 5.12: 3 D bar chart o f generator temperatures. 

5.4 Comparison of measurements 

This sect ion shows a c o m p a r i s o n o f a l l differences for measurements w i t h a P W M 

source a n d a sine source. First , a table 5.11 s h o w i n g the c o m p a r i s o n for average temper­

ature rise, s l ip speed, to ta l losses and the percentage difference that describes h o w m u c h 

the temperature rise a n d tota l losses increased u s i n g the f requency converter compared 

to the generator. 

Table 5.11: C o m p a r i s o n o f b o t h supplies . 

P I P2 P3 P4 P5 P6 P7 

T o t a l loss (W) 
C o n 530.1 435.7 367.5 335.8 246.8 209.9 136.5 

T o t a l loss (W) 
G e n 476.5 358.9 320.6 297.6 181.5 142.8 96.0 

Sl ip speed (rpm) 
C o n 32.2 32.5 34.5 14.3 14.1 6.8 6.6 

Sl ip speed (rpm) 
G e n 31.5 31.4 33.4 14.1 13.6 6.6 7.2 

Temp, rise (°C) 
C o n 48.8 41.4 35.3 32.3 24.6 21.1 14.7 

Temp, rise (°C) 
G e n 44.8 35.3 31.8 28.5 19.6 16.0 11.6 

Increase f r o m sine to p w m (%) 
T • 
± rise 

11.2 21.4 14.6 12.8 36.0 47.1 42.1 
Increase f r o m sine to p w m (%) p 

1 loss 
9.0 17.3 11.1 13.0 25.5 31.7 26.4 

The f o l l o w i n g f igure 5.13 shows a c o m p a r i s o n o f the total losses for t w o different 
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sources. It can be seen f r o m the f igure that the differences are a r o u n d 50 W . The largest 

difference is for l o a d p o i n t P2 w i t h 50% speed a n d 100% torque and the smallest difference 

is for l o a d p o i n t P4 w i t h 90% speed and 50% torque. 
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Figure 5.13: Tota l loss for different l o a d points w i t h t w o different supplies . 
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Figure 5.14: Temperature rise for different l o a d points w i t h t w o different supplies . 

T h e n c o m p a r i s o n o f the temperature rise i n f igure 5.14. The g r a p h corresponds to 

the total losses i n the previous f igure 5.13, w h e r e the largest and smallest total losses are 

also the largest a n d smallest temperature rise. 
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•Speed PWM Speed Sine 

Figure 5.15: C o m p a r i s o n sl ip speed for different l o a d points w i t h t w o different supplies . 

F igure 5.15 provides a disp lay a n d c o m p a r i s o n o f s l ip speed. The speeds are v e r y 

s imilar , but the measurements s h o w that the sl ip speed is l o w e r for the generator, w h i c h 

means l o w e r s l ip a n d l o w e r losses. A par t i cu lar p h e n o m e n o n occurs at the last operat ing 

po int , w h e r e the sl ip speed o f the converter is l o w e r t h a n that o f the generator. That c o u l d 

be the result o f a measurement error, w h e r e the generator voltage was lower , w h e r e i n 

the table 5.8 the difference is 0.784 V. 

50 

45 

40 

n90T100 n50T100 n25T100 n90T50 n50T50 n50T25 n25T25 

Load points 

• Temp rise increase due to PWM • Total loss increase due to PWM 

Figure 5.16: Increase i n losses and temperature rise f r o m S I N E to P W M supply . 

F igure 5.16 describes the increase i n temperature rise and tota l losses f r o m s inuso ida l 
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p o w e r s u p p l y to P W M . Here , f r o m the graph , w e can see h o w l o w operat ing points w i t h 

l o w l o a d cause a larger percentage increase c o m p a r e d to h igher operat ing points . The 

l o a d p o i n t P2 (n50 % T100 %) is also re la t ive ly h igher t h a n the others. The f o l l o w i n g 

is a c o m p a r i s o n o f the t w o sources u s i n g the temperature difference and the relative 

temperature difference. First , a table 5.12 s h o w i n g the average difference for selected 

locat ions i n the machine . For better data v i s i b i l i t y , t w o figures 5.17 a n d 5.18 are extracted 

f r o m the table. 

Table 5.12: Dif ference o f converter a n d generator. 

P I P2 P3 P4 P5 P6 P7 

Stator slot Temp. diff. (°C) 4.17 6.22 3.66 3.79 5.11 5.22 3.15 

E n d w i n d i n g - n o n drive Temp. diff. (°C) 4.21 6.41 3.75 3.82 5.27 5.38 3.27 

Stator i r o n Temp. diff. (°C) 3.74 5.49 3.07 3.28 4.46 4.58 2.69 

E n d w i n d i n g - dr ive Temp. diff. (°C) 4.28 6.63 3.74 4.11 5.46 5.55 3.35 

Stator i r o n Temp. diff. (°C) 3.91 5.95 3.64 3.78 4.87 4.96 3.03 

M i d d l e o f stator i r o n Temp. diff. (°C) 3.55 5.37 3.06 3.20 4.29 4.39 2.62 

Rotor end r i n g Temp. diff. (°C) 5.75 9.16 5.94 5.87 8.03 8.37 5.29 

R o t o r y o k e Temp. diff. (°C) 5.89 9.68 5.65 5.87 8.25 8.77 5.21 

It can be seen f r o m the f igure that the biggest difference arises for l o a d p o i n t P2 

because i t is the w o r s t case for the m o t o r current r ipple . 

Loading 

Figure 5.17: Temperature difference o f supplies across components a n d l o a d i n g points . 
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The other operat ing points w i t h h a l f the m o t o r speed also s h o w v e r y h i g h differences. 

The biggest difference is a l w a y s for the places w i t h the highest temperatures. 

Figure 5.18: 3 D bar chart o f a temperature difference for t w o supplies . 

The last part o f this sect ion compares the relative value o f the difference be tween 

the f requency converter a n d the generator. The relative value is related to the h igher 

measured values o f the inverter . 

Table 5.13: Relat ive difference o f converter and generator 

P I P2 P3 P4 P5 P6 P7 

Stator slot Rel . diff. (%) 5.39 8.95 5.79 6.29 9.77 10.70 7.47 

E n d w i n d i n g - n o n drive Rel . diff. (%) 5.31 8.90 5.68 6.28 9.88 10.89 7.62 

Stator i r o n Rel . diff. (%) 5.29 8.67 5.34 5.84 9.13 9.97 6.76 

E n d w i n d i n g - dr ive Rel . diff. (%) 5.31 9.06 5.59 6.63 10.11 11.09 7.74 

Stator i r o n Rel . diff. (%) 5.32 9.01 6.07 6.47 9.65 10.47 7.38 

M i d d l e o f stator i r o n Rel . diff. (%) 5.15 8.66 5.42 5.80 8.93 9.69 6.64 

Rotor end r i n g Rel . diff. (%) 6.39 10.90 7.50 9.03 14.12 16.28 12.45 

R o t o r y o k e Rel . diff. (%) 6.27 11.07 6.89 8.56 13.71 16.09 11.52 

F r o m the table 5.13 a n d f igure 5.19 it can be seen that the largest relative differences 

are at the points w i t h h a l f speed but also at the lowest l o a d i n g point . The largest differ­

ences are i n the rotor, especial ly for the P6 operat ing point . 
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n25T100 

01 n90T50 

n25T25 

5.39 5.31 5.29 5.31 5.32 5.15 6.39 6.27 

8.95 8.90 8.67 9.06 9.01 8.66 10.90 11.07 

5.79 5.68 5.34 5.59 6.07 5.42 7.50 6.89 

6.29 6.28 5.84 6.63 6.47 5.80 9.03 8.56 

9.77 9.88 9.13 10.11 9.65 8.93 

10.70 10.89 9.97 11.09 10.47 9.69 16.28 16.09 

7.47 7.62 6.76 B • 12.45 11.52 

Components 

Figure 5.19: H e a t m a p o f relative temperature difference for t w o supplies across c o m ­

ponents a n d l o a d i n g points . 

Figure 5.20: 3 D bar chart o f a relative temperature difference for t w o supplies . 

86 



It can be seen f r o m the results that l o w e r l o a d points achieve h igher deviat ions. H o w ­

ever, the w o r s t case occurs at l o a d p o i n t P2, w h e r e a square w a v e voltage at m o d u l a t i o n 

index o f 0.5 causes the most r ipple i n current , a n d the r ipple is l o w e r at h igher m o d u l a ­

t i o n i n d e x values and a n d also at l o w e r m o d u l a t i o n i n d e x values. 

5.5 Comparison of measurement with simulation 

The last sect ion deals w i t h the c o m p a r i s o n o f the measurement a n d s i m u l a t i o n re­

sults. First , a c o m p a r i s o n o f the electr ical quantit ies measured for the generator. Table 

5.14 shows the c o m p a r i s o n i n absolute values, but for a better i l lus t ra t ion , table 5.15 is 

s h o w n here, w h e r e the values are g i v e n i n relative magni tudes relative to the F E M . 

Table 5.14: C o m p a r i s o n o f measured a n d s imula ted electr ical quantit ies for converter. 

n90T100 n50T100 n25T100 n90T50 n50T50 n50T25 n25T25 

^rms (A) 
M e as. 10.40 10.37 10.43 7.51 7.40 6.57 6.47 

^rms (A) 
F E M 10.71 10.86 11.12 7.81 7.82 7.04 6.82 

Pi(W) 
M e as. 5032.1 2937.8 1614.1 2580.2 1498.3 835.2 449.5 

Pi(W) 
F E M 5140.5 3045.5 1791.6 2650.6 1521.0 827.3 549.5 

S(W) 
M e as. 8126.0 7157.9 5441.3 5930.8 5122.82 4524.1 3282.8 

S(W) 
F E M 7764.4 6651.7 4705.0 5703.0 4707.6 4253.2 2740.4 

Q ( W ) 
M e as. 6380.4 6527.2 5196.3 5340.1 4898.8 4446.3 3251.9 

Q ( W ) 
F E M 5819.3 5913.0 4350.1 5048.9 4455.3 4171.6 2684.4 

A ( - ) 
M e as. 0.62 0.41 0.30 0.44 0.57 0.18 0.14 

A ( - ) 
F E M 0.66 0.46 0.38 0.47 0.32 0.20 0.20 

P 2 ( W ) 
M e as. 4502.0 2502.1 1246.6 2244.4 1251.5 625.3 313.0 

P 2 ( W ) 
F E M 4526.4 2469.1 1204.0 2312.6 1231.3 594.7 364.8 

n (rpm) 
M e as. 1337.8 726.5 361.5 1305.5 724.3 725.2 362.3 

n (rpm) 
F E M 1301.3 725.3 348.8 1302.4 724.8 726.9 356.4 

T ( N m ) 
M e as. 32.93 32.89 32.93 16.42 16.51 8.23 8.25 

T ( N m ) 
F E M 33.2 32.50 32.96 16.96 16.22 7.81 9.77 

Ploss (W) 
M e as. 530.08 435.70 367.51 335.77 246.78 209.92 136.46 

Ploss (W) 
F E M 685.94 625.80 619.79 390.03 325.25 257.47 207.43 

rj(%) 
M e as. 89.47 85.17 77.23 86.99 83.53 74.87 69.64 

rj(%) 
F E M 88.05 81.07 67.20 87.25 80.95 71.89 66.40 
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Table 5.15: C o m p a r i s o n o f the s i m u l a t i o n a n d measurement results. Pos i t ive values 

indicate that the measured value has been h igher for converter. 

n90T100 n50T100 n 2 5 T l 0 0 n90T50 n50T50 n50T25 n25T25 

Rel . inc . J r m s (%) 2.86 4.52 6.17 3.77 5.43 6.67 5.16 

Rel . inc . P i (%) 2.10 3.54 9.91 2.66 1.49 -0.96 18.20 

Rel . inc . S (%) -4.66 -7.61 -15.65 -3.99 -8.82 -6.37 -19.79 

Re l . inc . Q (%) -9.65 -10.39 -19.45 -5.77 -9.96 -6.59 -21.14 

Re l . inc . A (%) 6.17 10.39 22.14 6.44 9.45 5.32 31.89 

Rel . inc . P 2 (%) 0.54 -1.34 -3.54 2.95 -1.65 -5.14 14.21 

Rel . inc . n (%) -2.83 -0.16 -3.63 -0.24 0.07 0.24 -1.65 

Rel . inc . T (%) 0.82 -1.20 0.09 3.18 -1.79 -5.45 15.59 

Rel . inc . P o s s (%) 22.72 30.38 40.70 13.91 24.13 18.47 34.21 

Re l . inc . r] (%) -1.67 -5.05 -14.92 0.30 -3.19 -4.14 -4.88 

F r o m the table 5.15 i t can be c o n c l u d e d f r o m the relative increase that the s i m u l a t i o n 

was accurate for the current . For i n p u t p o w e r a n d output power , the deviat ions are 

also a r o u n d 2-5 % except for the last operat ing p o i n t w h e r e the dev ia t ion is quite h i g h . 

For apparent a n d relative p o w e r the differences are quite h i g h , here the s i m u l a t i o n was 

not v e r y accurate. The p o w e r factor values coincide w i t h the relative power , so the 

values are not complete ly accurate, but for the s i m u l a t i o n they can be in f luenced b y the 

rotor displacement and thus the air gap change. The output p o w e r values are v e r y close 

except for the last operat ing p o i n t , the s i m u l a t i o n w a s f a i r l y accurate. These values are 

related to the relative torque increase, w h e r e at the last operat ing p o i n t the torque is 

inaccurate, w h i c h also creates a p o o r p o w e r output value. The same is true for the speed 

values. For these the s i m u l a t i o n can be cal led reasonably accurate. F o r the tota l m a c h i n e 

losses the s i m u l a t i o n w a s v e r y inaccurate and w o u l d require a t h o r o u g h analysis . This 

is especial ly true for the losses w i t h converter supply. The magnitudes o f the efficiencies 

were reasonably accurate except for the t h i r d l o a d p o i n t w h e n the deviat ions are h i g h . 

S i m u l a t i o n appears to be advantageous here. 
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In the second part o f the sect ion there is a c o m p a r i s o n for the generator, here the 

same t rend is f o l l o w e d . First the c o m p a r i s o n i n the table 5.16 a n d then for a better idea 

again the table w i t h relative increase 5.17. 

Table 5.16: C o m p a r i s o n o f measured a n d s imulated electr ical quantit ies for generator. 

n90T100 n50T100 n25T100 n90T50 n50T50 n50T25 n25T25 

^rms (A) 
M e as. 10.37 10.33 10.41 7.47 7.40 6.51 6.42 

^rms (A) 
F E M 10.47 10.57 11.02 7.62 7.50 6.79 6.55 

Pi(W) 
M e as. 4981.7 2868.4 1569.9 2543.3 1433.5 767.6 409.3 

Pi(W) 
F E M 4960.5 2968.9 1756.0 2460.6 1488.4 772.6 457.9 

S(W) 
M e as. 6411.6 3621.1 1900.6 4558.1 2523.1 2203.4 1092.7 

S(W) 
F E M 6475.0 3703.1 2012.6 4647.1 2558.0 2297.4 1116.1 

Q ( W ) 
M e as. 4036.2 2210.2 1071.3 3782.5 2076.3 2065.3 1013.1 

Q ( W ) 
F E M 4162.4 2212.0 981.6 3943.7 2080.1 2163.8 1018.0 

A ( - ) 
M e as. 0.78 0.79 0.83 0.56 0.57 0.35 0.37 

A ( - ) 
F E M 0.77 0.80 0.87 0.53 0.58 0.34 0.41 

P 2 ( W ) 
M e as. 4505.1 2509.5 1249.3 2245.7 1252.1 624.8 313.2 

P 2 ( W ) 
F E M 4502.7 2474.9 1201.0 2253.4 1275.3 618.4 312.1 

n (rpm) 
M e as. 1305.6 727.6 362.3 1305.8 723.8 725.4 361.7 

n (rpm) 
F E M 1302.1 720.2 348.2 1302.8 720.7 722.7 359.8 

T ( N m ) 
M e as. 32.93 32.93 32.92 16.42 16.51 8.23 8.27 

T ( N m ) 
F E M 33.02 32.81 32.94 16.52 16.90 8.17 8.28 

Ploss (W) 
M e as. 476.53 358.89 320.63 297.58 181.46 142.75 96.03 

Ploss (W) 
F E M 605.65 557.12 593.69 322.35 275.49 211.16 177.09 

rj(%) 
M e as. 90.43 87.49 79.58 88.30 87.34 81.40 76.54 

rj(%) 
F E M 90.77 83.36 68.39 91.58 85.68 80.05 68.17 

C o m p a r i n g the s i m u l a t i o n w i t h the measurement , the table 5.17 shows that the s i m u ­

l a t i o n w i t h the generator is s l ight ly more accurate c o m p a r e d to the f requency converter. 

The relative differences are l o w e r except for p o w e r c o n s u m p t i o n , tota l losses a n d effi­

ciency. In the case o f power , a h igher devia t ion occurs for the t w o l o a d points . For total 

losses, it is again s h o w n that the g i v e n m o d e l w a s not sufficient to s imulate the losses 

correct ly, here a detai led analysis is needed. The s i m u l a t i o n results for eff ic iency were 

not inaccurate. H o w e v e r , again a p r o b l e m arises at the t h i r d a n d seventh l o a d p o i n t 

w h e r e the error i n the i n p u t p o w e r wr i tes an error into the eff iciency value. 
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Table 5.17: C o m p a r i s o n o f the s i m u l a t i o n a n d measurement results. Pos i t ive values 

indicate that the measured value has been h igher for generator. 

n90T100 n50T100 n 2 5 T l 0 0 n90T50 n50T50 n50T25 n25T25 

Rel . inc . J r m s (%) 0.99 2.24 5.56 1.93 1.37 4.12 2.11 

Rel . inc . P i (%) -0.43 3.39 10.60 -3.36 3.69 0.64 10.61 

Rel . inc . S (%) 0.98 2.22 5.56 1.92 1.36 4.09 2.10 

Re l . inc . Q (%) 3.03 0.08 -9.15 4.09 0.18 4.55 0.48 

Re l . inc . A (%) -1.43 1.23 5.38 -5.48 2.38 -3.68 8.64 

Rel . inc . P2 (%) -0.05 -1.40 -4.02 0.34 1.82 -1.04 -0.36 

Rel . inc . n (%) -0.27 -1.03 -4.06 -0.23 -0.44 -0.38 -0.52 

Rel . inc . T (%) 0.28 -0.36 0.04 0.57 2.32 -0.66 0.16 

Rel . inc . P i o s s (%) 21.32 35.58 45.99 7.68 34.13 32.40 45.77 

Re l . inc . r] (%) 0.37 -4.95 -16.35 3.58 -1.94 -1.69 -12.27 

Table 5.18 shows the percentages o f h o w m u c h the total losses increased f r o m the 

generator to the inver ter p o w e r supply. These values are c o m p a r e d be tween measure­

ment a n d s i m u l a t i o n . 

Table 5.18: C o m p a r i s o n o f relative increase i n total losses f r o m sine s u p p l y to P W M 

s u p p l y for different l o a d points w i t h s i m u l a t i o n a n d measurement . 

Tota l loss 

S i m u l a t i o n M e a s u r e m e n t 

P W M - c a u s e d loss (%) 

P I (n90T100) 11.71 10.10 

P W M - c a u s e d loss (%) 

P2 (n50T100) 10.98 17.63 

P W M - c a u s e d loss (%) 

P3 (n25T100) 4.21 12.76 

P W M - c a u s e d loss (%) P4 (n90T50) 17.35 11.37 P W M - c a u s e d loss (%) 

P5 (n50T50) 15.30 26.47 

P W M - c a u s e d loss (%) 

P6 (n50T25) 17.99 32.00 

P W M - c a u s e d loss (%) 

P7 (n25T25) 14.63 29.63 

F o r l o a d p o i n t 1, the s i m u l a t i o n o f relative increase is close, but it cannot be de­

t e r m i n e d i f this is a mere coincidence because the other l o a d points do not m a t c h the 

accuracy. 
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Conclusion 
The thesis dealt w i t h the measurement a n d s i m u l a t i o n o f an i n d u c t i o n machine w i t h 

t w o types o f p o w e r supply , n a m e l y a f requency converter a n d a generator. The first 

three chapters dealt w i t h a l i terature research for an i n d u c t i o n m o t o r w i t h a f requency 

converter and methods o f m e a s u r i n g a n d evaluat ing its losses. 

The f o u r t h chapter starts b y descr ib ing the creat ion o f a m o d e l according to 

the g i v e n d imens ions o f the S E M T E C motor . The created m o d e l is s h o w n i n Figure 

5.4. The propert ies o f the m o d e l were set to replicate the real machine . The generator 

s u p p l y s i m u l a t i o n was then p e r f o r m e d for this m o d e l . T h e n there is explanat ion o f the 

process o f p e r f o r m i n g F F T analysis o n the measured voltage w a v e f o r m to obta in the 

necessary h a r m o n i c s to construct the voltage equat ion. H e r e , it was necessary to l i m i t 

the n u m b e r o f h a r m o n i c s so that they c o u l d be i n p u t t e d into the F E M software. This 

sect ion is f o l l o w e d b y the P W M s i m u l a t i o n sect ion and also a br ie f c o m p a r i s o n w i t h 

the generator s i m u l a t i o n . The m a i n differences be tween the t w o source s imulat ions 

were m a i n l y i n the torque r ipple and magni tude o f losses, w i t h the torque r ipple b e i n g 

almost five t imes larger and the magni tude o f the total losses increas ing b y 80 W for 

the first l o a d p o i n t , m a i n l y i n the core losses. 

The f i f th chapter describes e v e r y t h i n g about measurement . First , a sect ion o n 

the m e t h o d o l o g y a n d h o w the measurements were carr ied out is presented. The first 

test i n c l u d e d a re tardat ion test to obta in m e c h a n i c a l losses. The results are g iven i n 

Table 5.4. The f o l l o w i n g are measurement results w i t h f igures for t w o supplies . B y 

c o m p a r i n g the measurements w i t h each other, i n the relative difference o f the t w o 

supplies , it can be seen w h e r e the addi t iona l losses o f the f requency converter are 

located c o m p a r e d to the generator sine supply. The m a i n locat ions w i t h addi t iona l 

losses inc lude the rotor, stator slot, and e n d w i n d i n g . A m o n g the w o r s t l o a d points i n 

terms o f measured characteristics is l o a d p o i n t P2, w h e r e the m o d u l a t i o n i n d e x o f 0.5 

causes the most r ipple i n the current . A l s o , l o w l o a d points , w h e r e speed a n d torque 

are l o w a n d the m o t o r is i n the worse operat ing zones. The last sect ion compares the 

measurements and s imulat ions together. H e r e , the s i m u l a t i o n p r o v e d to be accurate 

e n o u g h for certa in electr ical quanti t ies , but for the total m a c h i n e losses the s i m u l a t i o n 

was v e r y inaccurate. It is v e r y diff icult to s imulate the losses for a P W M p o w e r s u p p l y 

a n d w o u l d require m u c h more detai led analysis and inves t igat ion . 
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