
T 
BRND UNIVERSITY DF TECHNOLOGY 
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ 

FACULTY OF ELECTRICAL ENGINEERING AND COMMUNICATION 
FAKULTA ELEKTROTECHNIKY 
A KOMUNIKAČNÍCH TECHNOLOGIÍ 

DEPARTMENT OF POWER ELECTRICAL AND ELECTRONIC 

ENGINEERING 
ÚSTAV VÝKONOVÉ ELEKTROTECHNIKY A ELEKTRONIKY 

DESIGN AND OPTIMIZATION OF HIGH-TORQUE FERRITE 
ASSISTED SYNCHRONOUS RELUCTANCE MOTOR 
NÁVRH A OPTIMALIZACE FERITY ASISTOVANÉHO VYSOKOMOMENTOVÉHO SYNCHRONNÍHO RELUKTANČNÍHO 
MOTORU 

DOCTORAL THESIS 
DIZERTAČNÍ PRÁCE 

AUTHOR Ing. Ladislav Knebl 
AUTOR PRÁCE 

SUPERVISOR doc. Ing. Čestmír Ondrúšek, CSc. 
ŠKOLITEĽ 

BRNO 2021 



Abstract 
The h igh- torque assisted s y n c h r o n o u s reluctance m a c h i n e c o u l d be s t i l l cons idered , based 

o n the re la t ive ly l o w a m o u n t of publ i ca t ions , as a rather u n k n o w n area of research. Th is a n d 
other m a i n advantages , s u c h as l o w m a n u f a c t u r i n g cost a n d a h igher torque dens i ty of this 
machine type are d r i v i n g researchers interest. E v e n t h o u g h this machine type has become more 
interest ing i n the c o n v e n t i o n a l or h i g h - s p e e d appl ica t ions , the area of t ract ion appl ica t ions is 
s l o w l y get t ing f o r w a r d as the m a c h i n e capabi l i t ies are d i scovered . T h i s thesis is s e r v i n g just 
this p u r p o s e of d e v e l o p i n g the sh ip p r o p u l s i o n d r i v i n g motor, that is capable of susta ining the 
high-torque at low-speed . The appl ica t ion is def ined b y the 55 k W at 150 r p m u s i n g the low-cost 
ferrite magnets a i m i n g to lower f ina l the cost of the machine . The d e s i g n w i l l be closely t ied w i t h 
o p t i m i z a t i o n a lgor i thms to de l iver the best possible performance i n the g i v e n v o l u m e . H o w e v e r 
the d e s i g n chal lenge b e i n g di f f i cul t task o n its o w n , the thesis is d e c l a r i n g other goals w i t h i n , 
that are st i l l v e r y interesting a n d important . Since the o p t i m i z a t i o n is i n c l u d e d i n the des ign pro­
cess, the first goal , c o n c l u d i n g f r o m the g i v e n topic is to compare var ious o p t i m i z a t i o n methods. 
N o t o n l y the t w o different o p t i m i z a t i o n a lgor i thms , se l f -organiz ing m i g r a t i n g a l g o r i t h m a n d 
genetic a l g o r i t h m , w i l l be c o m p a r e d i n the thesis, b u t e v e n t w o mult i -ob ject ive o p t i m i z a t i o n 
approaches w i l l be c o m p a r e d as w e l l . The preference based a n d idea l mult i -object ive o p t i m i z a ­
t ion techniques c o m p a r i s o n w i l l be demonstra ted i n one o p t i m i z a t i o n scenario w i t h a h i g h e r 
amount of o p t i m i z e d parameters. Other demonstrated goa l w i t h i n the thesis is the c o m p a r i s o n 
of i d e a l mult i -object ive o p t i m i z a t i o n w i t h a l o w e r n u m b e r of parameters . The last g o a l w i l l be 
the measurement of the des igned a n d o p t i m i z e d machine , that in t roduced variety of challenges 
itself a n d a l l of t h e m w i l l be discussed w i t h i n the last chapter. 

Keywords A C m a c h i n e , L o w - s p e e d d r i v e , S y n c h r o n o u s motors , Permanent magnet 
machine , Finite element analysis , Electromagnetic des ign, M a n u f a c t u r i n g , Measurement , Ferrite, 
O p t i m i z a t i o n , Genet ic a l g o r i t h m , 
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1 Introduction 

1.1 Motivation 

The f i e l d of electrical machines has been d e v e l o p i n g a n d g r o w i n g over the last m o r e t h a n 
a h u n d r e d years to a po in t , w h e r e it is prac t i ca l ly u n i m a g i n a b l e not to use electrical p o w e r o n 
a d a i l y basis. N o w a d a y s electrical machines are generat ing electrical energy i n p o w e r plants , 
s u p p l y i n g v a r i o u s h o m e appl iances , a n d w i t h a g r o w i n g interest i n d r i v i n g electric cars a n d 
other c o m m u t i n g vehicles s u c h as scooters, buses, or sh ips . It a lmost became easier to f i n d a 
device p o w e r e d w i t h electricity, than f i n d a device , that is " m a n - p o w e r e d " . 
R e g a r d i n g the b r o a d a p p l i c a t i o n area of electrical machines , a n o v e r w h e l m i n g n u m b e r of m a ­
chines have been d e v e l o p e d d u r i n g history. The d e v e l o p m e n t started w i t h a great interest i n 
current exc i t ing machines a n d since the 1980s, w i t h the rediscovery of the rare-earth magnet 
materials w h i c h lead to the synchronous machines u s i n g a permanent magnet excitation. 
N e w trends are n o w rediscovered i n c o m b i n i n g t w o (or more) types of a motor i n one, such an 
example can be the line-start synchronous machine [1,2], or c o m b i n i n g the electric m o t o r w i t h 
a mechanica l gearbox p l a c e d ins ide [3]. A b i g interest is also d r a w n into the m a c h i n e d e s i g n 
for specific appl icat ions that are des igned to suit i n d u s t r y speed requirements , e.g. h igh-speed 
or l o w - s p e e d . The h i g h - s p e e d machines c o u l d be u s e d i n appl ica t ions s u c h as compressors , 
b l o w e r s , or C N C d r i l l s . The advantages of h i g h - s p e e d machines are cons idered to be h i g h e r 
efficiency, h igher torque density, a n d smaller d imensions . Those machines are d e v e l o p e d across 
a l l m a c h i n e types, f r o m i n d u c t i o n machines [4] t h r o u g h s y n c h r o n o u s machines [5-7] to e v e n 
direct-current machines [8]. The rated speed of such machines is above 10 k r p m . L o w - s p e e d m a ­
chines are u s u a l l y des igned i n order to deve lop a high-torque a n d are used i n elevators, p u m p s , 
a n d paper appl ica t ions . S i m i l a r to the h i g h - s p e e d machines , the l o w - s p e e d machines can be 
f o u n d i n v a r i o u s m a c h i n e types [9-12]. L o w - s p e e d machines are cons idered machines w i t h 
a speed b e l o w 200 r p m . The machines are p r o p o r t i o n a l l y bigger, have a h i g h torque-density, 
unfortunately, have lower efficiency, but are m a k i n g the gearbox redundant i n l o w - s p e e d drives . 
Both k i n d s of machines are s h o w n next to each other i n F igure 1.1. 

Both k i n d s of machines can be f o u n d i n electric vehicles. The high-speed machines are more 
l i k e l y to be u s e d i n superchargers [14,15], w h i l e the l o w - s p e e d machines are u s e d for d r i v i n g 
as a part of a d r i v e - t r a i n [16] or as a n i n - w h e e l a p p l i c a t i o n [17]. 
The thesis is focused o n a permanent magnet assisted s y n c h r o n o u s reluctance m a c h i n e as a 
replacement of a surface permanent magnet i n an i n d u s t r i a l high-torque l o w - s p e e d ship p r o p u l ­
s i o n a p p l i c a t i o n . K e y objectives i n the d e s i g n are the m a c h i n e d i m e n s i o n s , m a n u f a c t u r i n g fea­
sibi l i ty , a n d m a c h i n e cost. The m a c h i n e w i l l be d e s i g n e d a n d then o p t i m i z e d b y o p t i m i z a t i o n 
a lgor i thms. 
This thesis is s t ructured as f o l l o w s . C h a p t e r 2 discusses the challenges l a y i n g before the s y n -
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chronous machines either n o w a d a y s or i n the near future for machines b o t h w i t h a n d w i t h o u t 
a permanent magnets. 
The t h i r d chapter is d e a l i n g w i t h the permanent magnets , p r i n c i p l e s , history, a n d the type of 
magnet ic materials u s e d i n the electrical machines . C l o s e attention is b e i n g p a i d to the ferrite 
materials i n v a r i o u s appl icat ions a n d then the focus is d r i v e n t o w a r d the ferrite magnets w i t h 
the research i n the market producers . 
The f o u r t h chapter is focused o n the s y n c h r o n o u s reluctance machines b o t h " p u r e " (without) 
a n d assisted (with) b y the permanent magnets . A br ief s u m m a r y of the theory a n d trends are 
h i g h l i g h t e d a long w i t h the p a p e r ' s research o n the tract ion appl icat ions . 
The f o l l o w i n g chapter discusses the o p t i m i z a t i o n a lgor i thms w i t h i n the theory, the d i v i s i o n 
accord in g to the m a i n p r i n c i p l e , a n d the w o r k i n g p r i n c i p l e of the chosen a lgor i thms . A closer 
look is taken o n the a lgor i thms used i n the thesis, that is the self o r g a n i z i n g m i g r a t i n g a l g o r i t h m 
a n d the genetic a l g o r i t h m i n b o t h preference based a n d idea l mult i -object ive o p t i m i z a t i o n . 
The pract ical part of the dissertat ion of the thesis starts w i t h the s ix th chapter a n d is concerned 
w i t h the d e s i g n a n d research of the idea l slot per pole per phase o p t i m u m combinat ion . 
Three o p t i m i z a t i o n scenarios are l a i d d o w n i n the next chapter, the first one b e i n g the compar ­
i s o n of the preference based a n d the i d e a l mult i -ob ject ive o p t i m i z a t i o n for the one slot po le 
c o m b i n a t i o n . The second one is the i d e a l mult i -object ive o p t i m i z a t i o n of the chosen slot po le 
combinat ions a n d the t h i r d one is d e a l i n g w i t h the l i m i t e d o p t i m i z a t i o n scenario, w h e r e some 
restrictions of the o p t i m i z a t i o n are made due to the manufac tur ing capabilit ies a n d the low-cost 
requirements. 
The last chapter is focused o n the measurement of the m a n u f a c t u r e d proto type a l o n g w i t h the 
results, their interpretation, a n d reasoning. A t the b e g i n n i n g of the chapter, the machine control 
challenges are presented a long w i t h the solut ions u s e d i n the laboratory measurement. 
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1.2 Thesis goals 

The first g o a l is to present the ferrite magnet 's research a l o n g w i t h the m a n u f a c t u r i n g p r o ­
cesses i n v o l v e d i n the p r o d u c t i o n . To the research of the tract ion s y n c h r o n o u s reluctance m a ­
chines a n d to propose the feasible geometry of the ferrite assisted s y n c h r o n o u s reluctance 
machine . 
T h e n to present a manufac turab le a n d i d e a l l y o p t i m a l s o l u t i o n for the ferrite assisted s y n ­
chronous reluctance machine . The next g o a l is to p r o v i d e the d e s i g n e d m a c h i n e - m e a s u r e d 
results a n d compare t h e m w i t h the finite element analysis results. 
The other thesis goals are d e a l i n g w i t h the o p t i m i z a t i o n of the machine . The m a i n g o a l is to 
compare the se l f -organiz ing m i g r a t i n g a l g o r i t h m w i t h the genetic a l g o r i t h m i n the electrical 
machines area i n b o t h preference based a n d idea l mult i -object ive variants . 
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2 I Synchronous machines 

In this chapter be the family of the synchronous machines will briefly discussed while the main focus 
will be on the permanent magnet machines. The current process and challenges of this family of machines 
as published in the journals and conference proceedings will be concluded. 

2.1 Synchronous machine types 

The b r a n c h of s y n c h r o n o u s machines are d i v i d e d a c c o r d i n g to the exci tat ion to the three 
sub-branches as depic ted i n F igure 2.1. 

Salient pole 
rotor 

J , 4 

f 4% y 

Round rotor 
Surface 

permanet 
magnet 

Interior 
permanent 

magnet 

Figure 2.1: Sor t ing of synchronous machines according to the excitation, adapted f r o m [18]. 

H a n d i n h a n d w i t h the b r o a d e n i n g of the a p p l i c a t i o n area of the electrical machines ( E M ) 
throughout the industry , that w a s m e n t i o n e d i n the in t roduct ion , are the n e w challenges i n the 
E M des ign. N e a r l y every m o n t h , the boundar ies are p u s h e d further a n d further across almost a l l 
machine types i n each machine d e s i g n perspective (thermal, mechanical , electromagnetic). The 
b r a n c h of s y n c h r o n o u s machines is n o except ion, it has g r o w n f r o m major ly u s e d electr ical ly 
excited synchronous machines (EESM) to a var iety of machines. The general use of the E E S M is 
to generate electrical p o w e r i n appl icat ions s u c h as p o w e r plants or cars or i n reverse usage (as 
a motor) i n p o w e r plants appl icat ions ( p u m p i n g water i n h y d r o plants) . 
The general use of permanent magnet ( P M ) exci ted ( P M E ) machines is o n the other h a n d to 
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m a i n l y d r i v e the d r i v e t ra in . A l t h o u g h P M E machines can be a n d are w i t h increas ing interest 
u s e d i n the power-generat ing appl icat ions [19,20]. 

2.2 Synchronous machines design challenges 

R e g a r d i n g the challenges w i t h i n g the b r a n c h of P M E synchronous machines can be co ns id ­
ered f o l l o w i n g : 

• H i g h torque densi ty machines a n d gearboxes e.g. Vernier machines [21,22] 
• N e w P M arrangement a n d topology s u c h as H a l b a c h arrays [23,24] 
• Line-start synchronous machines ( P M a n d reluctance machines) [1,2,25,26] 
• Rare-earth price increase [27] 

A n d those types are descr ibed i n the f o l l o w i n g sub-sections. 

2.2.1 H i g h torque density machines and gearboxes - Vernier machines 

The first of the challenges, that w i l l be d iscussed i n this chapter w i l l be the h i g h torque 
dens i ty machines . Th is k i n d of machines is g a i n i n g interest, m a i n l y because of the reasons 
l i s ted i n the i n t r o d u c t i o n a n d are u s u a l l y d e s i g n e d as a permanent magnet a Vernier m a c h i n e 
( P M V E ) . The vern ier m a c h i n e is a machine , that u s u a l l y has a h i g h torque densi ty caused b y 
magnet ic gear ing effect [28]. P M V E has u s u a l l y t w o air-gaps, w h e r e the i r o n f l u x - m o d u l a t i o n -
pole is inserted b e t w e e n the stator a n d the rotor as depic ted i n F i g u r e 2.2. P M V E has t w o set 
of po le -pa i rs - the stator pole -pa i rs (p) a n d the rotor p. The p difference creates the magnet ic 
gear ing effect, a l l o w i n g the different electrical a n d of course m e c h a n i c a l speeds w i t h i n one 
machine . 

Figure 2.2: Surface permanent magnet Vernier machine w i t h t w o air-gaps, H T S - H i g h tempera­
ture superconductor [28] 

P M V E can be f o u n d i n var ious P M topologies as a spoke [29], V-shape [30] or surface p e r m a ­
nent magnet [28]. A n d the challenge consists of des igning such a machine , that w o u l d overcome 
or at least compensate e n o u g h the technological obstacles to a degree, that it w o u l d became ben­
eficial to invest resources into the technology. P M V E h a v e also some other d r a w b a c k s , beside 
the manuf ac tur ing diff icult ies , such as a l o w p o w e r factor (cos q>), if rare-earth (RE) magnets are 
not u s e d , n o reluctance torque a n d a h i g h r isk of the demagnet iza t ion [28]. 
P M V E are convent ional ly u s i n g the R E magnets, due to above ment ioned h i g h demagnet izat ion 
r i sk , b u t late ly also some ferrite vern ier machines d e v e l o p m e n t results h a v e been carr ied out. 
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The ferrite versions of P M V E can be f o u n d i n different arrangements as a n outer rotor w i t h one 
air-gap [31,32] or a spoke inner rotor w i t h one air-gap [33,34] or also as dual-stator ferrite P M V E 
i n [35]. Th is m a c h i n e type is a l o n g w i t h a increas ing interest i n specific i n d u s t r y requirements , 
an except ion to s h o w great promises i n the future. 
It is i m p o r t a n t to say, that the h igh- torque machines c o u l d be also d e v e l o p e d b y other types 
of ferrite machines , s u c h as ferrite assisted reluctance (FASR) machines [36,37], as w i l l be also 
p r o v e d i n this thesis. 

2.2.2 Special P M arrangement and topology such as H a l b a c h arrays 

The second i n d u s t r y P M E s y n c h r o n o u s m a c h i n e chal lenge is the use of the ferrite h a l b a c h 
array ( H A ) i n the electric m a c h i n e des ign . The H A is w e l l k n o w n p h e n o m e n o n of a P M ar­
rangement, that decreases the P M f lux i n the rotor yoke a n d therefore rotor i r o n losses. E x a m p l e 
of H A arrangement compare w i t h a classical P M arrangement is depic ted o n a n e x a m p l e i n 
F i g u r e 2.3. Th is type of P M array is u s e d i n var ie ty of R E P M s y n c h r o n o u s machines f r o m the 
h i g h - s p e e d [38] t h r o u g h w i n d turbines [39] to the energy h a r v e s t i n g technology [40]. P u b l i ­
cations [41,42] are p r o v i d i n g u s e f u l c o m p a r i s o n data b e t w e e n the h a l b a c h a n d n o n - h a l b a c h 
arrays. 
Since the H A has been successful ly u s e d i n R E synchronous machines , it is therefore expected 
to benefit f r o m its advantages also i n ferrite synchronous machines. The ferrite H A arrays were 
successfully u s e d i n var ious ferrite machine types. The use of H A i n ferrite machines a l l o w s to 
increase the l o a d i n g of s u c h a machine [43], w h e r e it w a s p r o v e d o n a w i n d turbine w i t h outer 
rotor. In [44,45] were R E magnets successfully replaced b y a ferrite H A array. C o m b i n a t i o n s of 
R E a n d ferrite H A are u s e d i n [46,47] w h i l e k e e p i n g the same o u t p u t p o w e r a n d l o w e r i n g the 
machine cost. 

a) b) 

Figure 2.3: a) H a l b a c h a n d b) non-ha lbach magnet arrangement f lux l ines c o m p a r i s o n 

Disadvantages of the H A are higher manufac tur ing cost, due to the either more chal lenging 
P M magnet izat ion or P M assembly. The H A array also presents a b i g r isk of demagnet izat ion for 
the P M [48,49], the r isk reduct ion is i n [49] proposed b y the use of a q u a s i - H a l b a c h arrangement, 
that is c o m p o s e d of a smal ler a m o u n t of P M elements. The r i sk of d e m a g n e t i z a t i o n is also 
m e n t i o n e d i n a n i m p r e s s i v e l y u s e f u l a n d w e l l w r i t t e n p u b l i c a t i o n [50] that s u m m a r i z e the 
cr i t ica l po in ts of the ferrite m a c h i n e des ign . This ferrite P M characteristic is descr ibed as the 
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biggest d e s i g n challenge. Th is p r o b l e m of the ferrite m a c h i n e d e s i g n w i l l be addressed later 
w i t h i n this thesis. 

2.2.3 Line-start synchronous machines 

The biggest a m o u n t of the energy (almost 40 %) is a c c o r d i n g to [51] c o n s u m e d b y electric 
machines , w h i l e the most of it is , based o n [52], spent b y three-phase i n d u c t i o n machines (IM). 
These t w o facts mot ivates the electric m a c h i n e d e v e l o p m e n t to either further o p t i m i z e those 
machines or propose n e w machines w i t h h igher efficiency, i n order to substitute I M s . This is 
s u p p o r t e d b y the E u r o p e a n u n i o n (EU) legis la t ion , w h e r e b y [53] motors are o b l i g e d to meet 
efficiency requirements of the class IE3 or IE2 (for variable drives) i n range 0.75 k W a n d 375 k W . 
The n e w legis la t ion [54] is even m o r e strict, w h e r e is r e q u i r e d for a l l motors i n range 0.75 k W 
a n d e q u a l to or b e l o w 1,000 k W to meet IE3 s tandards b y J u l y 2021, respect ively IE4 i n range 
75 k W a n d 200 k W b y July 2024. This legis lat ion also regulates the variable speed drives . O n e of 
a Direc t -on-Line ( D O L ) machines , that c o u l d eventual ly replace I M s are Line-start synchronous 
machines (LSSM) . These machines combines t w o w o r k i n g pr inc iples - an asynchronous start-up 
a n d a synchronous r u n at the rated speed. 
The L S S M can be further d i v i d e d i n t w o categories - Line-start permanent magnet synchronous 
m a c h i n e ( L S P M S M ) or Line-start s y n c h r o n o u s reluctance machines ( L S S R M ) . E a c h category 
i n its c o u l d be d i v i d e d aga in into t w o categories. L S P M S M c o u l d be d i v i d e d a c c o r d i n g to the 
magnet p lacement either i n d-axis (Figure 2.4 a)) or ^-axis (Figure 2.4 b)), w h i c h c o u l d i m p r o v e 
or suppress the m a c h i n e reluctance torque. The L S S R M c o u l d be f o u n d either w i t h a cage 
a n d barr iers area d i v i d e d into separate regions (Figure 2.4 c)) or c o m b i n i n g those t w o regions 
together (Figure 2.4 d)). The last L S S R M type par t ia l ly combines squirre l cage a n d barriers area 
i n F igure 2.4 e). B o t h L S S M c o u l d be d eve loped w i t h a p r e m i u m efficiency - L S P M S M i n [55,56], 
L S S R M i n [57,58]. 

a) b) c) 

d) 

Figure 2.4: Line-start machines o v e r v i e w - a,b) L S P M S M [1] c,d,e) L S S R M 

Both L S S M c o u l d be f o u n d also i n a less convent ional v e r s i o n such as a L S P M S M two-rotor 
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machine [59] or as a L S P M S M vernier machine i n [60], w h i l s t d u a l sal iency L S S R M is p u b l i s h e d 
i n [61]. The disadvantages are s u m m e d br ie f ly i n [55], that m e n t i o n e d a problemat ica l s tart ing 
procedure a n d a h i g h e r cost t h a n a I M (due to use of P M ) . The second disadvantage c o u l d be 
ba lanced b y the use of a L S S R M , w h i l e l o w e r i n g the eff iciency [57]. In c o n c l u s i o n b o t h L S S M 
types s h o w s a great p r o m i s e for further deve lopment . 

2.2.4 Rare-earth price increase 

The last sub-chapter depicts the R E pr ice problematics that h i g h l i g h t the topic of this thesis. 
Rare-earth elements (REE) are d i v i d e d into heavy R E E ( H R E E ) a n d l ight R E E (LREE) . In a H R E E 
class are the elements, w h o s e a tomic n u m b e r is b e t w e e n 65 a n d 71. The elements of t e r b i u m , 
d y s p r o s i u m a n d y t t r i u m c o u l d be f o u n d i n this g r o u p a n d c o u l d be u s e d for m a n u f a c t u r i n g of 
P M s , p h o s p h o r s a n d ceramics. The L R E E c o u l d serve the same p u r p o s e p l u s m a n u f a c t u r i n g 
of the battery al loy, L R E E consists of the elements w i t h a tomic n u m b e r i n range f r o m 57 to 64. 
The m e m b e r s of this g r o u p are as f o l l o w s : l a n t h a n u m , c e r i u m , p r a s e o d y m i u m , n e o d y m i u m , 
s a m a r i u m a n d e u r o p i u m . The rare-earth pr i ce of b o t h R E E g r o u p s are a c c o r d i n g to [27,50] 
h i g h l y unpredic table , as is d e p i c t e d o n the pr ice d e v e l o p m e n t b e t w e e n the years 2008-2016 
Figure 2.5. 

The largest p o r t i o n (36 % according to [62]) of b o t h H R E E a n d L R E E oxides c o u l d be f o u n d 
i n C h i n a . The m i n e p r o d u c t i o n i n C h i n a w e n t f r o m a m o n o p o l y , near ly 87 % i n 2014 according 
to [62] (95,000 tones) to a n o l i g o p o l y almost 63 % i n 2019 [63] (132,000 tones) [64]. The p r o d u c t i o n 
increase a n d the market d o m i n a n c e c o u l d be e x p l a i n e d b y the w i l l i n g n e s s of C h i n a accept the 
associated e n v i r o n m e n t a l damage caused b y the m i n i n g of these materials [27]. 
H a n d i n h a n d w i t h the C h i n a m i n i n g d o m i n a n c e (even t h o u g h decreasing) are the f inanc ia l 
a n d pol i t i ca l aspects of this dominance . These aspects m i g h t be projected into the considerat ion 
usage of these materials a n d m i g h t affect the d e s i g n process of the m a c h i n e itself. The s u r v e y 
done b y [62] i n 2019 is depic ted i n F igure 2.6. 
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Figure 2.5: Shanghai S tee lHome n o m i n a l prices of some R E oxides between early 2008 a n d late 
2016. a) L R E E s p l u s y t t r i u m , b) H R E E s p l u s E u r o p i u m , vec tor ized f r o m [27] 
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3 I Permanent magnets 

This chapter will introduce theferrite magnets among other magnet types. Types offerrite magnets 
will be also introduced in this chapter with the significant characteristics. The chapter will start with a 
broad overview and finish with a practical application along with the design risks. 

3.1 Description and history 

The p u r p o s e of P M is to store a magnet ic f i e ld i n a par t i cular v o l u m e . The P M is i n general 
m a n u f a c t u r e d f r o m a meta l a l loy, capable of suff ic ient ly s tor ing magnet ic f i e l d energy. The 
energy is p u t i n the mater ia l part at the manufac tur ing process ( A I N i C o ) or i n the process cal led 
magnet iz ing . If h a n d l e d p r o p e r l y the magnetic energy stays i n the P M idea l ly for a n u n l i m i t e d 
a m o u n t of t ime (the m a g n e t i s m is permanent) [65,66]. 
P M s h a v e come a l o n g w a y f r o m the first large measurement of magnet ic suscept ib i l i ty of a 
large n u m b e r of substances over the d i m e n s i o n s of temperature done b y Pierre C u r i e i n 1895. 
The P M a p p l i c a t i o n has b r o a d e n e d f r o m a s i m p l e needle of a magnet ic compass to the key 
elements of v a r i o u s h o m e appl ica t ions , indust ry , automot ive , or e v e n space explora t ion . It is 
clear that i n this p e r i o d , near ly 130 years l o n g , a lot of invent ions a n d breakthroughs were made. 
Var ious metal a l loys were d iscovered , n e w more efficient w a y s of m a g n e t i z i n g a n d process ing 
these materials were researched a n d n e w appl icat ions w i t h P M adaptat ion were invented . The 
e v o l u t i o n of b o t h energy densi ty a n d coercivi ty of the P M s i n the 20th century, that depicts the 
P M development a n d improvements i n this f ie ld are s h o w n i n b o t h sub-figures i n Figure 3.1 [65]. 

3.2 Permanent magnet operation point 

A s m e n t i o n e d above, the P M s store the magnet ic energy after the m a g n e t i z a t i o n process. 
A f t e r P M s are inserted into the magnetic circuit , their w o r k i n g po in t is set based o n the magnetic 
c ircuit propert ies . S i m p l e B H curve , not c o n s i d e r i n g d e m a g n e t i z a t i o n f i e l d , of s o l e n o i d i n the 
magnetic c ircuit consis t ing o n l y of a n air-gap is depic ted i n F igure 3.2. 

F irs t ly the P M is magnet ized b y the f ie ld strength ( H ) , H i precisely, that is after the magnet i ­
za t ion r e m o v e d , creating the magnetic f lux-densi ty B. The P M then starts to insert the magnetic 
f i e l d into the c ircui t a n d the w o r k i n g p o i n t is d e t e r m i n e d b y the intersect ion of the B H l o o p 
a n d the l o a d l ine C . The slope of the l o a d l ine is set b y the circuit designer a n d depends o n the 
magnetic circuit properties. The best w o r k i n g po in t of the circuit is located, where the P M is able 
to de l iver the highest energy product B H . Therefore the m a x i m u m B H product , convent ional ly 
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F i g u r e 3.1: a) the P M energy densi ty deve lopment , cy l inders represent the requi red v o l u m e to 
store a certain amount of energy a n d [67] a n d b) the coercivity i n h a r d a n d soft P M materials i n 
the 20th century [68] 

F i g u r e 3.2: a) the e x a m p l e of a n opera t ing p o i n t of a s o l e n o i d a n d b) a sketch of the magnet ic 
circuit [65] 

labeled as B H m a x , is u s u a l l y considered as one of the most important objectives w h i l e selecting 
the P M . The other c o u l d be the C u r i e temperature or the corros ion resistance. 
It is i m p o r t a n t to m e n t i o n , that i n a n o n - i d e a l case the f lux -dens i ty i n a mater ia l is d e f i n e d b y 
(3.1) 

B = ji0M + ji0H. (3.1) 

Where M is a magnet iza t ion of the P M a n d H is the magnet ic f i e ld strength, b o t h i n A • m - 1 . It 
is obvious , that i n the case of soft magnetic materials , where range of H is v e r y l o w , the second 
part of this equat ion is negl ig ib le . The h a r d magnet ic materials are u s u a l l y w o r k i n g at m u c h 
higher f ie ld strengths (above 1 k A • m _ 1 ) , therefore the JIQH part is m u c h bigger. The c o m p a r i s o n 
of n o r m a l a n d intr ins ic ("natural") magnetic curves are depic ted i n F igure 3.3. 

Taking a closer look at Figure 3.3, t w o details c o u l d be ment ioned. The first one regarding the 
remanent f lux -dens i ty Br, remains the same i n b o t h induct ions . Th is comes f r o m the equat ion 
3.1, w h e r e locat ion of B r is w h e r e H equals zero, thus o n l y the first part of equat ion JIQM g ives 
a non-zero va lue . The other deta i l is the difference be tween the intr ins ic coercive force Hc\ a n d 
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Figure 3.3: a) Difference be tween n o r m a l a n d intr ins ic curves i n P M mater ia l [69] a n d b) more 
detai led v i e w of ferrite H i t a c h i N M F - 1 5 J permanent magnet 's B H loops i n second quadrant [70] 

the n o r m a l coercive force Hc. The a m o u n t of decrease, w h i c h is 80.463 k A • m - 1 i n the case of 
N M F - 1 5 J , is g i v e n m a i n l y b y the propert ies of the P M mater ia l . 
C a t a l o g va lues of the intr ins ic a n d n o r m a l curves are d e p i c t e d i n different uni ts . The t y p i c a l 
B H c u r v e values , that are m o s t l y u s e d i n a f inite elements analysis ( F E A ) as the i n p u t mater ia l 
propert ies are a f lux-dens i ty B i n Tesla (T) a n d a magnet ic f i e ld strength H i n k i l o - A m p e r e per 
meter ( k A • m - 1 ) . These units are also def ined as SI units . Some manufactures are also p r o v i d i n g 
data of a f lux -dens i ty i n G a u s s i a n uni ts as Gausses (G) a n d Oersteds (Oe), respect ively their 
modi f i ca t ions as k i lo -Gausses (kGs) a n d k i lo -Oers teds (kOe). The re la t ionship be tween SI a n d 
G a u s s i a n uni t s , s e l d o m ca l led Gauss ian-cgs uni ts or cgs-units is B$i = ^ q o o o " ^ o r flux-density 
a n d Hsi = • Hcaussian respectively for magnetic f ie ld strength. 

3.3 Permanent magnet alloys 

A s m e n t i o n e d above, the P M materials took a b i g leap i n the 20th century. T h r o u g h this 
d e v e l o p m e n t p e r i o d , v a r i o u s meta l a l loys were b o t h i n v e n t e d a n d overcame b y the n e w a n d 
perspect ive mater ials . A f t e r a l l , i n the 21st century, it comes d o w n to the four g r o u p s of the 
P M materials i n v a r i o u s a l loy combinat ions w i t h i n those groups . The four a l loys are - A I N i C o , 
Ferrites, Samarium-cobal t (SmCo) a n d N e o d y m i u m - i r o n - b o r o n (NdFeB) . The typica l B H curves 
of each P M a l loy are depic ted i n F igure 3.4. 

The examples of each P M a l loy i n v a r i o u s shapes are s h o w n i n F igure 3.5. 

The P M al loys beside ferrites w i l l be i n c l u d e d i n the f o l l o w i n g subsections. Since the ferrites 
w i l l be u s e d i n the m a c h i n e des ign , the w h o l e sub-chapter w i l l be dedica ted to this P M a l loy 
tak ing a closer l o o k at the m a n u f a c t u r i n g a n d impor tant characteristics. 

3.3.1 A l n i c o magnets 

The A I N i C o magnet a l l o y n a m e is based as a n a c r o n y m of the elements c h e m i c a l s y m b o l s 
A l u m i n u m ( A l ) , N i c k e l (Ni ) a n d Coba l t (Co). Th is a l l o y c o m p o s i t i o n w a s f i rs t ly d i scovered b y 
the M i s h i m a i n Japan i n 1931, specif ical ly 58 % i r o n (Fe), 30 % N i , a n d 12 % A l h a d a coercivity of 
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Figure 3.5: O v e r v i e w of magnets , a) A I N i C o magnets [73], b) Ferrite magnets [70], c) S m C o 
magnets [74] a n d d) N d F e B magnets [75] 

over 400 Oe [65]. A I N i C o magnets are v e r y h a r d to process at l o w temperatures, thus are either 
sintered or cast w i t h a specific process i n v o l v i n g also some l ight magnet iza t ion of the mater ia l . 
Sintered magnets u s u a l l y have worse magnetic propert ies , as depic ted i n F igure 3.6. 
A c c o r d i n g to [65,71] A I N i C o has relat ively h i g h remanent f lux-density, C u r i e temperature a n d 
resistance to corros ion , the low- tempera ture dependence of magnet ic propert ies a r o u n d the 
r o o m temperature a n d the P M cost is also low. The A I N i C o magnets suffer f r o m a l o w coercivity 
force, w h i c h l i m i t s the use of this mater ia l i n the electric machine des ign. The A I N i C o magnets 
are according to [76] u s e d for microphones , sensors, a n d i n the aerospace industry . 
The large research a n d development interest i n the A I N i C o magnets has s l o w l y decreased since 
the 1970s w i t h the d i s c o v e r y of n e w R E materials . E v e n t h o u g h the interest has decreased, the 
magnets are s t i l l offered b y the large manufacturers [71,73,77]. N o w a d a y s A I N i C o magnets 
are, i n a n example f r o m Ecl ipse magnetics manufacturer, reaching m a x i m u m values of B H m a x 
product a r o u n d 8 0 k J / m 3 [78]. 

3.3.2 S a m a r i u m Cobal t magnets 

The s a m a r i u m cobalt (most ly k n o w n as S m C o ) magnets are one of t w o R E a l loys w i d e l y 
used i n i n d u s t r y applicat ions. The S m C o a l loy c o u l d be f o u n d i n S m C o 5 or S m 2 C o 1 7 c o m p o u n d s , 
w h i l e the order reflects the deve lopment stages a n d S m 2 C o 1 7 or its variat ions are preferred n o w a ­
days. The S m C o magnets were , according to [65] the first ones to achieve a n energy p r o d u c t of 
20 M G O e (~ 160 k j / m 3 ) . S m C o magnets benefits f r o m t w o p h e n o m e n o n s , i.e. easy magnet iza ­
t ion a n d a h i g h C u r i e temperature. 
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The first benefit comes f r o m the fact, that after the magnet izat ion S m C o 5 d o m a i n s create d o m a i n 
w a l l s d u r i n g nuc lea t ion , w h i c h proh ib i t s the mater ia l f r o m a d e m a g n e t i z a t i o n . In the case of 
S m 2 C o 1 7 the a l l o y is the d e m a g n e t i z a t i o n res is t iv i ty caused b y the d o m a i n w a l l p i n i n g . The 
d o m a i n w a l l is a t h i n barr ier be tween magnet ic d o m a i n s [65]. A d i s p r o p o r t i o n be tween the 
m a g n e t i z i n g curve i n the first quadrant (magnet iz ing energy) a n d the second quadrant , where 
the magnet has it 's a n operat ing p o i n t is depic ted i n F igure 3.7. 
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-H 

Figure 3.7: S m C o easy magnet iza t ion process [65] 

A c c o r d i n g to [79], the S m C o magnets also benefit f r o m the h i g h temperature stabil i ty a n d can 
be used i n extremely c o l d a n d hot temperatures. The same source c la ims, that S m C o magnets are 
more expensive than N d F e B magnets a n d are more prone to a corosion. The A r n o l d Magnet ics 
Technologies [80] is considered to manufacture the top qua l i ty of S m C o magnets p e a k i n g w i t h 
energy p r o d u c t at 3 3 . 3 M G O e ( ~ 2 6 5 k J / m 3 ) . B H c u r v e of this manufacturers S m C o magnet 
is presented i n F i g u r e 3.8. The S m C o magnets are w i d e l y u s e d i n aircraft appl i ca t ions [81,82], 
w h e r e the temperature varies i n great intervals be tween temperatures b e l o w 0 °C a n d w e l l 
above 200 °C a n d i n other temperature v a r y i n g appl icat ions as m e n t i o n e d i n [79] or [83]. 



Permanent magnets 15 

Figure 3.8: B H curve of the h i g h energy p r o d u c t R E C O M A magnet f r o m A r n o l d s [80] 

3.3.3 N e o d y m i u m magnets 

The second w i d e l y u s e d rare-earth a l l o y i n i n d u s t r i a l appl i ca t ions is the n e o d y m i u m - i r o n -
b o r o n ( N d F e B ) . T h i s a l l o y w a s f o u n d i n order to f i n d a better a n d cheaper al ternative to the 
S m C o magnets. It w a s discovered according to [65] as F e 1 4 N d 2 B b y Special Meta ls C o . i n Japan 
i n 1984. The m e t h o d of m a n u f a c t u r i n g this c o m p o u n d is very s imi lar to the one used i n S m C o 5 . 
A s the i n d u s t r y appl ica t ions p r o v e t o d a y the replacement of S m C o magnets w i t h N d F e B w a s 
successful m o s t l y i n condi t ions b e l o w 200 °C. 
The N d F e B elements c o u l d be a c c o r d i n g to [65] altered w i t h other elements resu l t ing i n a n 
increase of the C u r i e temperature a n d the temperature stabi l i ty (Co replaces some Fe), the 
increased c o e r c i v i t y a n d the l o w e r m a g n e t i z a t i o n ( N d replaced b y other h e a v y rare-earth ele­
ments, u s u a l l y d y s p r o s i u m ) . The N d F e B magnet energy products according to [65] are u s u a l l y 
i n the range f r o m 20 to 40 M G O e , but n o w a d a y s the energy products above 50 M G O e are not ex­
ceptions. The largest manufacturer the Ecl ipse magnetics, the A d a m s Magnet ics a n d the A r n o l d 
M a g n e t i c s offer their highest grades of N d F e B magnets w i t h energy p r o d u c t s 50 M G O e [84], 
54 M G O e [71] a n d 5 5 M O G e [85] respectively. 
The biggest advantages according to [65,71] are the price (compared to S m C o magnets) a n d the 
highest energy products a m o n g the other P M materials . 
The disadvantages according to the same sources are the relat ively l o w C u r i e temperature (usu­
a l l y b e l o w 300 °C) a n d therefore the h i g h dependence of magnet ic propert ies o n temperature 
a n d the corros ion proneness of the magnets . P M s are therefore e q u i p p e d w i t h some k i n d of 
protect ive coat ing, w h i c h is m a d e of N i - C u - N i p l a t i n g [84]. The s tandard n e o d y m i u m magnet 
B H curve a n d its temperature dependency f r o m [71] is depic ted i n F igure 3.9. 

3.4 Ferrites 

The c o n c l u s i o n of the p r e v i o u s sect ion 3.3 sect ion c o u l d be that there is n o clear choice of a 
P M . C o n s i d e r i n g a l l the conf l i c t ing objectives, s u c h as the pr ice , the energy p r o d u c t , the C u r i e 
temperature, a n d the corros ion resistance, the dec i s ion process becomes i n d e e d c o m p l i c a t e d . 
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Figure 3.9: N d F e B Neo3520 f r o m A d a m s , second quadrant B H curves [71] 

E v e n t h o u g h the best P M a l loys are k e e p i n g to increase the energy p r o d u c t s , the focus is s t i l l 
redirected towards the lower-energy P M s - Ferrites. That is most ly due to the pr ice , that remains, 
according to [86], o n l y a p o r t i o n of the R E alternatives. 

It is the last a l l o y m e n t i o n e d at the b e g i n n i n g of the 3.3 section, the ferrites, that have been 
chosen for the machine des ign . There are m a n y categories of ferrites w i t h var ious appl icat ions . 
F i g u r e 3.10 w a s presented to c lar i fy the categories c o n t a i n i n g also the most s ignif icant a p p l i ­
cations. The m a n u f a c t u r i n g process, manufacturers , a n d v a r i o u s types of ferrite magnets , a l l 
i n a hexagona l ferrite category, w i l l be descr ibed a n d l i s ted i n the next subsections. It is w o r t h 
n o t i n g , that i n this w o r k it is referred to the h e x a g o n a l ferrite magnets as ferrites, w h i c h is a 
c o m m o n l y u s e d term i n literature i n a f i e ld of E M des ign . 

Spinels 

• Water 
Purification 

•Enhace Recovery 
•Photocatalyst 
•Drug Delivery 

Garnets 

•Isolators 
•Circulators 
•HQ Filters 
•RF Applications 

Hexagonals 
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•Magnetic 
Recording 

•Electronical 
Devices 

(GHz Freq.) 
•Data Storages 

Orthoferrites 

D 
•Chemical 

Processing 
•Gas Liquefication 
•Refrigerators 

Figure 3.10: Ferrites o v e r v i e w w i t h appl icat ions - photocatalysts [87], electronic devices [88,89], 
hexagonals [90] a n d a ir -condi t ioners/ c o n d i t i o n i n g [91] 

3.4.1 Hexagonal ferrites 

A s w a s f o r e s h a d o w e d i n the i n t r o d u c t i o n , the h e x a g o n a l ferrites are a g r o u p of a b igger 
f a m i l y of ferrite materials . Th is g r o u p is character ized b y the hexagona l crysta l structure c o m ­
p o s i n g of F e x O y , w h e r e x a n d y refer to a n u m b e r of atoms i n the c o m p o s i t i o n . Hexaferr i tes , 
as is s e l d o m referred to the h e x a g o n a l ferrites, became v e r y i m p o r t a n t i n v a r i o u s appl ica t ions 
a n d a c c o r d i n g to [92] over 300,000 tones of the M - t y p e b a r i u m hexaferrite (BaM) w a s g l o b a l l y 
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manufactured per year. The hexaferrite magnetic properties are a l l inf luenced b y the crystal l ine 
structures a n d magnet ica l ly a l l the hexaferrite are ferrimagnetic . 
A s stated i n [93] the most i m p o r t a n t hexaferrites f r o m the perspect ive of s tor ing the magnet ic 
energy B a M a n d S r M M - t y p e b a r i u m hexaferrites, in i t i a l ly n a m e d ferroxdure a n d M - t y p e stron­
t i u m hexaferrite. The B a M ferrite w a s first descr ibed i n 1925 [94], w h i l e the crys ta l structure 
w a s d e d u c e d i n 1938 [95]. A s repor ted i n [93] - the B a M a n d S r M hexaferrites are v e r y s i m i l a r 
f r o m the magnetic perspective a n d have a v e r y s imi lar crystaline structure. The [96] c la ims S r M 
to be s l i g h t l y l ighter w i t h a m o l e c u l a r mass of 1062 g a n d a mass dens i ty e q u a l to 5.11 gem" 1 

c o m p a r e d to 1112 g a n d a mass densi ty equal to 5.28 gem" 1 of the B a M . 

3.4.2 Ferrite manufacture process a n d research 

The ferrite manufacture process is v e r y compl ica ted a n d invo lves m a n y procedures i n v o l v ­
i n g h igh- temperature hea t ing of the mater ia l . The M - t y p e hexaferrite as a major p r o d u c t of 
the hea t ing process is m a n u f a c t u r e d , a c c o r d i n g to [93], b y process ing i n temperature ranges 
be tween 800 a n d 1200 °C. A s stated i n [93], there are 12 synthesis methods of specific ferrites 
p l u s one m e t h o d that is used i n the industry . 
The i n d u s t r y processed M - t y p e ferrited can be obtained f r o m r a w materials ( a - F e 2 0 3 ) , as stated 
i n [93], as w e l l as f r o m recycled materials depic ted i n [97,98], obta in ing a B a M ferrite w i t h v e r y 
g o o d characteristics. 
The B a M can be d r i l y m i l l e d , w h i c h unfor tunate ly results i n sacr i f i c ing the HC a n d the M s 

decreasing over the m i l l i n g t ime, because i t induces stress into the p o w d e r a n d formulates a 
magnet i ca l ly w e a k B a O . The second p h e n o m e n o n can be l o w e r e d b y the m i l l i n g i n the l o w 
o x y g e n pressure. Wet m i l l i n g results i n a stress-free p o w d e r , w i t h a longer m i l l i n g t ime the HC 

increases, a n d the M s decrease is m i n i m i z e d b y a d d i n g surfactants fo the l i q u i d [99]. The b a l l 
m i l l i n g is also successful ly used , as presented i n [100]. 
C e r a m i c ferrites, u s u a l l y granula ted ( w i t h g o o d results b y a v a c u u m hot s team process) doted 
w i t h a s m a l l amount of c a l c i u m pressed i n a n external magnetic f ie ld a n d then sintered. The S r M 
p o w d e r is a d d e d into the p o w d e r , ach iev ing a h igher B r , as p r o v e d i n [101]. B a M ferrites have a 
h i g h C u r i e temperature a r o u n d 450 °C a n d a relat ively h i g h m a x i m u m coercivity of 594 k A • m - 1 , 
reaching near ly hal f of it b y a s tandard ceramic p r e p a r i n g procedure (max. 255 k A • m _ 1 ) , b u t 
not get t ing m u c h h i g h e r w i t h other synthesis methods (at the same temperature) . Th is is due 
to the re la t ive ly large g r a i n sizes of the mater ials . Great research has been done i n a f i e l d of 
B a M ferrites resul t ing i n re lat ively h i g h b o t h coercivity a n d magnet iza t ion values [98,102,103] 
at v e r y s m a l l grains , b u t more i m p o r t a n t l y at h i g h temperatures. 
The S r M ferrites h a v e a s l ight ly h igher C u r i e temperature a r o u n d 470 °C a n d a s l ight ly l o w e r 
m a x i m u m coercivity at 533 k A • m _ 1 , achievable w i t h polycr is ta l l ine samples, p u b l i s h e d i n [104]. 
W i t h a s tandard ceramic procedure va lue of 286 k A • m _ 1 c o u l d be achieved, as p r o v i d e d i n [105]. 
S i m i l a r l y to the B a M ferrite, a b i g research has been done a n d m u c h higher magnetic properties 
are achieved at h igher temperatures [106-108]. 

3.4.3 Temperature influence o n ferrite properties 

The basic p r i n c i p l e s a n d propert ies of ferrites are m e n t i o n e d i n the p r e v i o u s sub-chapters. 
There are s t i l l m a n y propert ies of ferrites, that are i n f l u e n c i n g the ferrite propert ies a n d are 
therefore n e e d e d to be i n c l u d e d i n the d e v e l o p m e n t process of machines u s i n g ferrites as a 
P M . The most i m p o r t a n t p r o p e r t y is the temperature inf luence o n the magnet characteristic. 
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A s depic ted above ( in case of S m C o a n d N d F e B magnets) , the B H curves of P M s are v a r y i n g 
w i t h the temperature (Figure 3.8 a n d F i g u r e 3.9) a n d b o t h the coercit ive force a n d the rema­
nent f lux-densi ty are increasing w i t h the decreasing temperature (having negative temperature 
coefficients) as depic ted for b o t h the S m C o a n d the N d F e B i n F igure 3.11. 

-kOe 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 7 6 5 4 3 2 1 0 

(kA/m) 2388 216 1990 1790 1591 1392 11£ 995 796 597 398 199 

Figure 3.11: The inf luence of temperature o n R E permanent magnets [71] 

In the case of R E magnets, the p h e n o m e n o n can be expla ined b y a faster a n d more sporadic 
m o v e m e n t of part ic les w i t h i n the atomic structure. Therefore the R E magnets are easier to de­
magnet ize at h igher temperatures. 
The ferrite magnets behave differently. The temperature coefficient of the remanent f lux-densi ty 
is negat ive (decreasing f lux -dens i ty w i t h increas ing temperature) , b u t the temperature coeffi­
cient of the coercive force is pos i t ive ( increasing w i t h r i s i n g temperature) . Th is fact is m a k i n g 
ferrite magnets more prone to demagnet iza t ion at l o w e r temperatures a n d decreasing the pos ­
sible d e m a g n e t i z a t i o n at h igher temperatures . The B H c u r v e temperature shift is s h o w n i n 
F igure 3.12. 

B-H curve 
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/ B-H curve 

/ / +20°C 
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20°C 
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Figure 3.12: The inf luence of the temperature o n ferrite permanent magnets [109] 

3.4.4 C o m m e r c i a l ferrite magnets 

R e g a r d i n g the c o m m e r c i a l l y offered ferrite magnets , there has been a greater d e m a n d i n ­
crease over the years. The biggest ferrite manufacturers , a c c o r d i n g to the research of the c o m ­
merc ia l ly presented data-sheets done b y the author are f o l l o w i n g i n a lphabet ical order : 
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• A d a m s 
• D u r a 
• Ecl ipse 
• H i t a c h i 
• M a h i n d r a 
• Spacemagnets 
• T D K 

D a t a f r o m a data-sheet of each manufac turer w a s gathered a n d the range of magnet energies 
de l ivered b y each manufacturers w a s f o u n d . Since a r o u n d 120 magnet types f r o m a l l manufac­
turers were f o u n d , o n l y the ranges of magnet energies are depic ted i n the F igure 3.13. 

50 i 1 

TDK Hitachi Eclipse Mahindra Spacemagnets Adams Dura 

Figure 3.13: The c o m p a r i s o n of the stored magnet ic energy ranges of the c o m m e r c i a l l y offered 
ferrite magnets. 

The ferrite magnet w i t h the highest energy of each manufacturer is l isted i n Table 3.1 a long w i t h 
other propert ies a n d i n f o r m a t i o n about the mater ia l a n d process, if l is ted b y the manufacturer. 

Table 3.1: The c o m p a r i s o n of ferrite magnets 

Mnf. Type Br 
[T] 

He 
[kA/m] 

B J f m a x 

[kj/m3] 
Material Process 

T D K FB13B 0.475 340 44 L a - C o S r M . Thin-shape 
H i t a c h i N M F - 1 5 G 0.485 362 43 - -
Ecl ipse Y40 0.45 342 39.65 S r M -

M a h i n d r a C B 8B 0.44 246.5 36.6 A n i s o t r o p S r M Wet 
Spacemagnets H T Y - 4 5 E 0.425 324 34.25 - -

A d a m s Ceramic8c 0.43 214 33.4 S r M -
D u r a C e r a m i c 8B 0.40 240 30.4 - -

E v e n t h o u g h not a l l the materials a n d processes are l is ted i n the data sheets, it is reasonable to 
assume, that s t ront ium ferrites are most l i k e l y b e i n g used i n most of the l isted magnet samples, 
since the S r M mater ia l has (as m e n t i o n e d above) stronger magnetic propert ies . 
O u t of the compared manufacturers a n d magnet types, the best manufacturers seem to be T D K 
a n d H i t a c h i w i t h their h i g h coercive force, remanent f l u x - d e n s i t y a n d also magnet energy. A s 
an interesting factor c o u l d be p o i n t e d out, that even t h o u g h T D K magnet has l o w e r B r a n d H C , 
its stored energy is l i s ted to be h igher than the best H i t a c h i ferrite magnet. 
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4 I Synchronous reluctance machines 

The two versions of synchronous reluctance machines will be presented in this chapter and compared 
with respect to the torque and power factor. This chapter also contains brief research of the current state 
of the synchronous reluctance and permanent magnet-assisted synchronous reluctance machines. 

4.1 Pure synchronous reluctance machine 

The s y n c h r o n o u s reluctance (SynRel) m a c h i n e , a predecessor of a P M A S R machine , w a s 
first ly d e v e l o p e d a n d p u b l i s h e d b y J .K K o s t k o i n 1923 report ing very p o o r performance charac­
teristics e.g. the efficiency, the torque r i p p l e a n d the cos q> [110]. 

The S y n R e l is a machine , where the torque is deve loped b y the intent ional ly des igned magnetic 
sal iency £ be tween the direct (d) a n d the quadrature (q) axes of the machine . N o w a d a y s , a m a ­
chine benefits f r o m h i g h efficiency, a v e r y l o w manufacture cost, g o o d manufacture feasibil ity, 
but is s t i l l h i n d e r e d b y a l o w cos q> a n d a l o w torque densi ty per v o l u m e (TRV). 
The first possible so lut ion , that c o u l d lead to the m i n i m i z a t i o n of convent ional S y n R e l machine 
d r a w b a c k s , m a i n l y the l o w torque-densi ty a n d cos <p, w a s the p r o p o s a l , of a f l u i d geometry 
i n [111] u s e d for e x a m p l e i n [7] or [112]. The f lux-barr ier shape comes f r o m a f lux- l ines d i s ­
t r i b u t i o n i n a s o l i d i r o n w h i l e s u p p l y i n g the w i n d i n g w i t h q-eods current o n l y as d e p i c t e d i n 
F igure 4.1. 

d — axis 

Figure 4.1: F l u i d geometry generat ion w i t h the d-axis a n d ^-axis a l ignment , f i rs t ly p u b l i s h e d 
i n [111]. 

In S y n R e l m a c h i n e the torque is d e v e l o p e d , as m e n t i o n e d above, b y the rotor magnet ic 
saliency. The magnet ic sal iency is de f ined b y the equat ion (4.1) 

L ql 'd/ 'q J 
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, where the inductances i n the direct Ld a n d quadrature Lq axes d e p e n d o n the currents a p p l i e d 
i n the b o t h axes b u t also o n the magnet ic reluctance i n each axis, w h i c h is d e l i v e r e d b y L d q = 

r
n 2 . W h e r e the N is n u m b e r of turns a n d the Rm is the magnet ic reluctance of the c ircui t 

i n c o r r e s p o n d i n g axes. W h i c h is more easi ly s h o w n i n the reluctance n e t w o r k s [113] or i n a n 
analyt ical m o d e l [114]. B y u s i n g the f l u i d geometry, the reluctance i n the d-axis is lower , because 
the f lux- l ines are d i s t r i b u t e d e q u a l l y a n d natural ly , w h i l e increas ing the d-axis inductance . In 
the q-axis it is the exact opposi te , the reluctance i n the q-axis is increased b y the placement a n d 
the shape of the f lux-barr iers c a u s i n g the smal ler inductance i n the ̂ -axis p a t h . The magnet ic 
saliency increase results i n the cos q> a n d torque increase, that are estimated b y the equat ion (4.2) 
a n d (4.3) respectively [115]. 

T=^p(Ld-Lq)idiq (4.2) 

cos<p=j j -^ (4.3) 

The second is to mit igate the S y n R e l m a c h i n e d r a w b a c k s b y the i n t r o d u c t i o n of the P M s into 
the rotor geometry. This s o l u t i o n w i l l be discussed i n the next section. 

4.2 Permanent magnet assisted synchronous reluctance machine 

The P M A S R machine is considered to be a h y b r i d between a p u r e reluctance machine (with­
out a P M ) a n d the inter ior permanent magnet ( IPM) machine . The rotor of s u c h a m a c h i n e 
is exci ted b y the P M s , b u t the m a i n part of the d e v e l o p e d torque, if the l o w - e n e r g y magnets 
are u s e d , s t i l l comes f r o m the rotor saliency. The P M s are inserted into the f lux-barr iers (see 
F i g u r e 4.2) a n d are u s u a l l y f i x e d b y the i r o n br idges (ribs), or b y other des igned i r o n segments 
as s h o w n i n F igure 4.2. The last c o m m o n l y used P M conf igurat ion i n the P M A S R topology is to 
insert the P M also i n the barrier sides a n d fix them w i t h the i r o n segments s imi lar to type s h o w n 
i n F i g u r e 4 . 2 b ) . The use of the P M is t w o f o l d , f i rs t ly the P M f l u x deve lops a n electromagnetic 
torque a n d the second is the machine cos q> increase. 

a) b) c) 

Figure 4.2: E x a m p l e s of the P M mechanica l f ixat ion w i t h i n the P M A S R geometry 

The p o r t i o n of torque, that is d e v e l o p e d b y a P M i n the P M A S R m a c h i n e d e p e n d s o n the 
P M - f l u x , or the type of magnets ( n e o d y m i u m based magnets , ferrite, samar ium-coba l t a l loy) 
respectively o n the a m o u n t magnets used i n the rotor. The torque i n P M A S R motor a n d also i n 
other I P M machines , where the ̂ -axis is a l igned w i t h the P M , is d e r i v e d b y the equat ion (4.4). 

3 
T = 2? [#Mz'd + (Ld ~ Lq)idiq] (4.4) 

, w h e r e the second part of the torque equat ion (Ld-Lq)idiq is u s u a l l y h igher i n case of F A S R 
machines c o m p a r e d to the I P M machines . Because i n the I P M machines , the torque is m a i n l y 



A state of art in traction applications of SynRel and P M A S R 22 

d e v e l o p e d b y the P M f lux instead of a magnetic saliency. 
The cos q> increase is the most ev ident f r o m the vector d iagrams . The stator vol tage equations 
i n steady state, that can be de l ivered f r o m the machines equivalent circuits for b o t h S y n R e l a n d 
P M A S R machine , are presented i n equations (4.5) a n d (4.6) respectively. 

Vt = RdId ~ cvLqIq + jRqIq + jcoLdId (4.5) 

Vt = Rdh ~ U>LqIq + ^ A p M + JRqIq + ]COLdId (4.6) 

The vector d iagrams , that are based o n equations (4.5) a n d (4.6) are presented i n F igure 4.3. 

q — axis 

jRql 
-LjLqlq 

jLqlq 
d — axis 

J^PM 
d — axis 

a) b) 

Figure 4.3: a) S y n R e l a n d b) P M A S R vector d iagrams f r o m [116] 

4.3 A state of art in traction applications of SynRel and PMASR 

Since the p r i m a r y focus of this thesis is o n a tract ion a p p l i c a t i o n of the P M A S R machines , 
therefore this sect ion is present ing a n o v e r v i e w of b o t h the S y n R e l a n d P M A S R machines i n 
such appl icat ions . 
The t w o s u m m a r i z i n g p u b l i c a t i o n s [117,118], focused o n the RE-free t ract ion machines , that 
were p u b l i s h e d i n recent years are p r o p o s i n g a re la t ive ly g o o d o v e r v i e w of s u c h a m a c h i n e 
alternative. In the p u b l i c a t i o n [117] gives a g o o d c o m p a r i s o n depic ted i n F igure 4.4 of b o t h the 
torque densities a n d machine constants of v a r i o u s tract ion motors . 

The r i s i n g interest i n the RE-free alternatives i n t ract ion is also s u p p o r t e d b y v a r i o u s p a ­
pers presented i n this f i e l d . The S y n R e l motors have f o u n d a w a y i n elevators [119], a r a i l w a y 
tract ion [120], electric vehicles i n electrical t ransmiss ion [121], as a d r i v e c o m p o n e n t i n a n a u ­
tomot ive [122-124], a scooter a p p l i c a t i o n [125] or as a general tract ion s t u d y [118,126]. The 
P M A S R tract ion appl ica t ions are also w e l l s t u d i e d a n d u s e d i n E V s i n [127-129] w i t h ferrites 
a n d combinat ions of ferrites a n d R E magnets i n [130,131] a n d i n low-speed appl icat ions [9,36]. 
The outcomes f r o m the m e n t i o n e d papers c o u l d be s u m m a r i z e d b y f o l l o w i n g statements: 

• It is possible to use P M A S R or S y n R e l machines i n the traction. 
• The biggest advantage of S y n R e l machines is n o r isk of the demagnet izat ion . 
• A careful d e s i g n is needed w h e n the ferrite magnets i n F A S R are used . 
• P M A S R s have a h igher T R V than SynRels . 
• P M A S R machines s h o u l d have about 30 % longer stack-length to achieve the same output 

p o w e r compare to the S P M . 
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Figure 4.4: Torque densi ty a n d m a c h i n e constant c o m p a r i s o n based o n research presented 
i n [117]. S R M - s y n c h r o n o u s reluctance m a c h i n e , W F F S M - w o u n d e d f i e l d f l u x s w i t c h i n g m a ­
chine, P M F S M - permanent magnet f l u x s w i t c h i n g m a c h i n e , P M a S y n R M - permanent m a g ­
net assisted synchronous reluctance machine , P M S M - permanent magnet synchronous motor, 
S C I M - Squirre l cage i n d u c t i o n motor, I P M S M - interior permanent magnet synchronous motor ; 
vec tor ized f r o m [117], va lues i n parenthesis i n f o r m about the m a c h i n e m a c h i n e mechanica l 
output p o w e r a n d the base speed. 

• The [118] c laims, that the P M A S R w i t h the same £ have a r o u n d 14 % higher output p o w e r 
than the S y n R e l i n the s i m i l a r size. 

The m a i n advantages a n d disadvantages of the S y n R e l a n d P M A S R machines c o m p a r e d to 
I P M s are presented i n F igure 4.5. 
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Figure 4.5: C o m p a r i s o n of the pros a n d cons of S y n R e l , P M A S R a n d I P M machines 

The poss ib le P M A S R d e s i g n a n d the replacement of R E m a c h i n e w i l l be presented i n the 
f o l l o w i n g chapters of this thesis. 
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5 I Optimizing algorithms 

This chapter briefly introduces the optimizing methods used in the electrical machine design process. 
Firstly the algorithms will be divided according to their nature and then some of them will be presented 
more thoroughly. One algorithm candidate will be chosen from each category and will be explained in 
further detail along with the application example. All of the algorithms that are foreseen to be used for 
machine optimization will be also presented and highlighted within this chapter. 

5.1 Definition of optimizing algorithms 

Based o n p e r f o r m e d b e n c h m a r k s , there has been a h u g e rise of m u c h p o w e r f u l process ing 
components , b o t h central processing units ( C P U ) [132] a n d graphics processing uni t ( G P U ) [132] 
i n recent decade. Those components are also b e c o m i n g cheaper, so it can be sa id , that the amount 
of c o m p u t a t i o n p o w e r per pr ice is r a d i c a l l y increas ing [132]. The d e v e l o p m e n t of the C P U 
performance, b y the average data, is achieved b y the benchmarks descr ibed i n [132]. 
Therefore it is more affordable a n d faster than before to use o p t i m i z a t i o n a lgor i thms to opt imize 
v a r i o u s tasks. The o p t i m i z a t i o n a l g o r i t h m ( O A ) is a c c o r d i n g to [133] a p r o g r a m m a b l e process 
or a func t ion , that takes some sort of a n i n p u t parameter or a v a l u e that m o d i f y characteristics 
of the device or func t ion to f i n d the m i n i m u m or m a x i m u m value of a result, a n output or a cost. 
A s i m p l e i l lustrat ive f igure of a n o p t i m i z a t i o n is depic ted i n F igure 5.1. 

Figure 5.1: Types of O A , a d o p t e d a n d m o d i f i e d f r o m [134] 

In the mathemat ica l d e f i n i t i o n can be the o p t i m i z a t i o n descr ibed as a search for a n o p t i m a l 
( m a x i m a l or m i n i m a l ) va lue of a func t ion f(X) w i t h i n the (usually) constrained i n p u t variable X 
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f r o m [135] is i n (5.1). 

M i n i m i z e / M a x i m i z e 

subject to 

tm(x), 

g j ( * ) > 0 , 

X ( N ) < r(") < r ( n ) 

m = 1 , 2 , . . . , M ; 

;' = 1 , 2 , . . . J ; (5.1) 

The s o l u t i o n x is a vector x = x\, Xr,.., x„, w h i l e x^m a n d x^ax are the l o w e r a n d u p p e r b o u n d ­
aries of a specific var iable i n the vector. 
In a v e r y s impl is t i c v i e w , it can be sa id , that everything , that c o u l d be m o d e l e d or characterized 
w i t h some i n p u t variables a n d can have objectively evaluated outputs or has a k n o w n funct ion 
can be o p t i m i z e d . 
In a w o r l d of o p t i m i z a t i o n , m a n y a lgor i thms or funct ions h a v e h igher or l o w e r efficiency. The 
a lgor i thms are of great interest especially i n the practice, where the o p t i m a l solutions are desired 
to be obtained a n d thus either save i n p u t energy (increase the efficiency of a system) or decrease 
the e n v i r o n m e n t a l impact of a process (reduce the process ing time). 
If an o p t i m i z a t i o n p r o b l e m , that is m o d e l i n g some real case p h y s i c a l system, is evaluated o n l y b y 
one objective, then it is ca l led the single-objective o p t i m i z a t i o n . A n example of s u c h a p r o b l e m 
c o u l d be the w e l l - k n o w n travel ing salesman p r o b l e m . The a l g o r i t h m i n this case is supposed to 
search for a s o l u t i o n , w h e r e the sa lesman is t r a v e l i n g the shortest distance to v is i t a l l the cities 
i n a g i v e n list a n d come back to the o r i g i n city. The o b v i o u s objective of s u c h a p r o b l e m is the 
t rave l ing distance a n d the objective s h o u l d be m i n i m i z e d , w h i l e the i n p u t of this system is the 
order of the cities, w h i c h the m a n is v i s i t i n g . The p r o b l e m is s h o w n i n F i g u r e 5.2 a), w h e r e the 
different colors are s h o w i n g the different so lut ions a n d the va lues are d e p i c t i n g the specific 
pa th lengths. 

X 
X 

O r i g i n O 

'3 

o 

a) 

E l e c t r o m a g n e t i c e f f i c i e n c y 

b) 

Figure 5.2: E x a m p l e of a) single-objective (Traveling salesman) a n d b) multi-objective ( Induction 
m o t o r topology) o p t i m i z a t i o n p r o b l e m 

O n the other h a n d , most of the o p t i m i z a t i o n p r o b l e m s i n the real w o r l d are m o r e c o m p l e x 
a n d thus preferable to m o d e l a n d evaluate w i t h mult i -ob ject ive o p t i m i z a t i o n ( M O O ) . M u l t i -
objectives c o u l d q u a n t i f y the q u a l i t y of s u c h a p h y s i c a l m o d e l , those objectives c o u l d be i n 
a direct opposi te . A n e x a m p l e of a p h y s i c a l p r o b l e m , w h e r e the objectives, i n this case, the 
electromagnetic eff iciency a n d m e c h a n i c a l stiffness, are i n direct contradic t ion is the choice of 
the i n d u c t i o n motor topology. There are, i n this case, t w o solut ions that are s igni f icant ly better 
i n one objective, but it comes w i t h the sacrifice i n the other objective. The best efficiency can be 
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f o u n d i n the squirrel-cage m o t o r s o l u t i o n , b u t it has the lowest mechanica l stiffness. The other 
i d e a l s o l u t i o n f r o m the m e c h a n i c a l p o i n t of v i e w is the so l id-rotor topology, unfortunate ly , it 
has the wors t electromagnetic efficiency. The best trade-off c o u l d be f o u n d somewhere between 
those t w o solut ions , w h e r e for e x a m p l e the a x i a l l y s l i t ted i n d u c t i o n m o t o r is f o u n d as a g o o d 
c o m p r o m i s e r e g a r d i n g b o t h objectives i n this geometry. The v i t a l i n f o r m a t i o n , that needs to 
be s a i d , is that there is rare ly o n l y one o p t i m u m ( o p t i m a l solut ion) b u t rather a set of o p t i m a l 
solutions. Th is o p t i m i z a t i o n p r o b l e m is depic ted i n F igure 5.2b). 

5.2 Multi-objective optimization 

In the r e a l m of the M O O the t w o m u l t i d i m e n s i o n a l spaces are located - the N - d i m e n s i o n a l 
dec i s ion space based o n the n u m b e r of i n p u t parameters a n d the M - d i m e n s i o n a l objective 
space s h a p e d b y the e v a l u a t i n g objectives. The o p t i m a l solution(s) can be f o u n d i n b o t h m u l t i ­
d i m e n s i o n a l spaces. The set of o p t i m a l solut ions i n the case of the ideal M O O is cal led the Pareto 
front (PF). The example is s h o w n i n F igure 5.3. 

D e c i s i o n space O b j e c t i v e space 

0 0.5 1 0 0.5 1 

X! (-) Fi (-) 

Figure 5.3: P F d e p i c t e d i n the dec i s ion a n d objective spaces i n the o p t i m i z a t i o n p r o b l e m w i t h 
t w o i n p u t parameters a n d t w o objectives 

Since the area of the M O O is m u c h broader a n d i n c l u d e also the E M d e s i g n o p t i m i z a t i o n 
process, the f o l l o w i n g chapters w i l l be focused o n this k i n d of o p t i m i z a t i o n . A c c o r d i n g to [135] 
are there bas ica l ly t w o approaches, h o w to solve a M O O p r o b l e m : 

• Preference based M O O ( P B M O O ) procedure 
• Ideal M O O ( I M O O ) procedure 

5.2.1 Preference based multi-objective optimizat ion 

The P B M O O procedure is h is tor ica l ly the more preferred one. It w a s u s e d m o r e i n the past 
m a i n l y for one s i m p l e reason - the s impler single-objective opt imizer . 

5.2.1.1 Preference based vector 

A s it w a s m e n t i o n e d at the b e g i n n i n g , the o p t i m i z e r is s u p p o s e d to f i n d some sort of c o m ­
p r o m i s e be tween the chosen set of objectives. In this a p p r o a c h , as the n a m e i m p l i e s , the user 
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needs to define the preference based vector (PBV) , that prefers one objective before the other one 
before the o p t i m i z a t i o n starts. The vector consists of the set of we ight coefficients (w\, W2, —, wx), 
that are s p e c i f y i n g the user preferences of the specif ic objective. Theore t i ca l ly a different set 
of w e i g h t coefficients s h o u l d g i v e a different s o l u t i o n f r o m the set of o p t i m a l so lut ions of the 
p r o b l e m . The o p t i m i z a t i o n f l o w d i a g r a m is presented i n F igure 5.4. 

Multi-objective 
optimization 

problem 
M i n i m i z e f] 
Minimize f2 

Minimize fn 
/subject to constrains/ 

Higher-level 
information 

Estimate a Single-objective 
relative optimization problem 

importance m F = W i f i + W 2 f 2 + ••• + w h I h 

vector or 
(wi W2 ••WH) a composite function 

Single-objective 
optimizer 

One optimum 
solution 

4 

Figure 5.4: Preference based M O O f l o w scheme [135] 

The p r o b l e m that c o u l d come u p , according to [135] w i t h this o p t i m i z a t i o n process is that a 
h igher l e v e l of i n f o r m a t i o n enters the o p t i m i z a t i o n as a n i n p u t before the o p t i m i z a t i o n b e g i n . 
The h igher l e v e l of i n f o r m a t i o n is a set of i n f o r m a t i o n , that c o u l d not be quant i f i ed b y the ob­
jectives, e.g. manufacture feasibility, construct ion problems . Therefore the o p t i m i z a t i o n results 
become v e r y subjective a n d d e p e n d o n the des igner ' s p o i n t of v i e w . E v e n the d e c i s i o n of the 
w e i g h t coefficient va lues themselves is a v e r y c o m p l i c a t e d process. U s u a l l y , it is d i f f i cul t to 
dec ide i f the a l g o r i t h m s h o u l d focus o n the e.g. m o t o r total eff iciency twice as m u c h as o n the 
temperature i n the stator w i n d i n g . 
A s a n example the P B V c o u l d be i n case of t w o objectives - the electromagnetic torque a n d the 
torque r i p p l e (TR), w h e r e the torque is s u p p o s e d to be m a x i m i z e d (assigned w i t h the negative 
sign) a n d the T R is expected to be m i n i m i z e d , w r i t t e n i n (5.2): 

PBV = WelmagT ' ( _ )TelmagT + ^ripple " ^ripple (5-2) 

, w h e r e weimagT a n d w r i p p i e are the w e i g h t coefficients for the electromagnetic torque a n d T R 
a n d the T ^ a g x , T r i p p i e are the c or re sponding objective values . 
The theoretical issue that m i g h t come u p w i t h such a de f in i t ion of the P B V is that, w h i l e cons id­
er ing the w e i g h t coefficients to be d imens ionless , the equat ion is s u m m i n g u p the t w o va lues 
w i t h different units . Therefore the objectives need to be t rans formed into dimensionless coeffi­
cients as w e l l . In this case, it needs to be dec ided if the objective is supposed to be m i n i m i z e d or 
m a x i m i z e d . For the o p t i m a l l y m a x i m i z e d objective e.g the above-ment ioned torque, the f o r m u l a 
has a f o r m w r i t t e n i n (5.3): 

Torque 
ObjJTorque 

Torque_ref 
(5.3) 



Multi-objective optimization 28 

w h e r e the Torque is a n actual v a l u e of the objective a n d Torque_ref is a reference v a l u e for the 
objective. It is s u p p o s e d to be chosen i n a range that the resul t ing f ract ion does not exceed the 
va lue of 1, usual ly , it is the va lue of the objective des ired b y the user. 
The second e x a m p l e is, that the objective v a l u e is s u p p o s e d to be m i n i m i z e d , for e.g the losses 
i n order to increase the eff iciency or to satisfy the t h e r m a l requirements . The equat ion (5.4) 
becomes: 

Losses 
Obj_Losses 1 (5.4) 

Losses_ref 

w h e r e s i m i l a r l y to the first case, the Losses v a l u e is the actual a m o u n t of losses created i n a 
machine , a n d the Losses_ref are the losses that are des ired b y the o p t i m i z a t i o n . 
The spec ia l case of a n objective is the objective, w h e r e the specific v a l u e is expected to be 
reached b y the opt imizer . It c o u l d be for e x a m p l e the i n d u c e d vol tage b y the P M . In this case, 
the equat ion (5.5) for the objective ca lculat ion becomes: 

Objjooltage 
Desired_voltage Voltage 

Voltage_ref Voltage_ref 
(5.5) 

The objectives t r a n s f o r m e d into d imens ionless n u m b e r s are then c o m b i n e d w i t h the coef­
ficients in to a P B V . Ideally, a l l the objectives are o p t i m i z e d a n d the cost f u n c t i o n is m i n i m i z e d 
d u r i n g the o p t i m i z a t i o n r u n . 

5.2.1.2 Penalty function 

A c c o r d i n g to [136] it is beneficial to convert constrained problems into unconstra ined a long 
w i t h i n t r o d u c i n g the penal ty for the constraint v i o l a t i o n . This is addressed b y the penal ty func­
t ion , w h e r e the corre lat ing objective values are t r a n s f o r m e d b y v a r i o u s t ran s f o rm curves . A n 
example of the p o l y n o m i a l t rans format ion curve , u s e d i n [137] is s h o w n i n equat ion (5.6). A l l 
t rans format ion curves , i n c l u d i n g f u n c t i o n 5.6, w h i c h is i n F i g u r e 5.5 labe led as " C u r v e 1", that 
were successfully used i n the pract ical E M d e s i g n i n [137], are s h o w n i n F igure 5.5. 

/ i (x) = 8.89x 6 - 33.75x 5 + 48.09x 4 - 33.03x 3 + 11.46x 2 - 0.68x + 0.01 (5.6) 

Errors [-1 

Figure 5.5: Penal ty funct ions i n t r o d u c e d a n d e m p l o y e d successfully used i n [137] 
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5.2.2 Ideal multi-objective opt imizat ion procedure 

Besides the first preference based M O O there exists a n alternative approach cal led the I M O O 
procedure. This s o l u t i o n is def ined as a t w o steps process. The process is s h o w n i n F igure 5.6. 

Multi-objective 
optimization problem 

Minimize fi 
Minimize £2 

Minimize fx 

subject to constrains 

IDEAL 
Multi-objective 

optimizer 

4 
Multiple trade-off 

solutions found 

-

Higher-level 
information 

Step 2 

Choose one 
solution 

Figure 5.6: Preference based M O O f l o w scheme [135] 

The process stands o n the d e f i n i t i o n of the o p t i m i z a t i o n objectives as the o n l y i n p u t into 
the multi-objective solver i n the first step. The multi-objective o p t i m i z e r is, as ment ioned above, 
i n p r i n c i p l e a m o r e sophist icated a l g o r i t h m . W h e n c o m p a r e d to P B M O O a p p r o a c h there is n o 
need to recalculate the objectives to a d imens ionless f o r m , b u t rather to keep the va lues i n the 
or ig ina l f o r m w i t h the d imens ions (e.g. N m , %, W ) . A n d even further not to f o r m some objective 
combinat ions a n d their c o r r e s p o n d i n g w e i g h t coefficients. The outputs of the first step are the 
m u l t i p l e trade-off solut ions, that are f o u n d o p t i m a l a long the m u l t i p l e objectives chosen b y the 
user. The m u l t i p l e trade-off so lut ions , that are i d e a l l y spread over the o p t i m a l so lut ions curve 
are ca l led the P F solut ions. 
The second step is the place, w h e r e the user 's h igher l e v e l of i n f o r m a t i o n is i n v o l v e d . Instead 
of d e f i n i n g , i n some cases, re la t ive ly v a g u e coefficients, the user chooses f r o m the p r e v i o u s l y 
est imated best trade-off solut ions . Th is gives the user a b i g advantage of c h o o s i n g the o p t i m a l 
s o l u t i o n a n d balance the objectives. 
The multi -object ive opt imizer , besides b e i n g able to o p t i m i z e more objectives, needs to i n v o l v e 
some spec ia l funct ions , that are not cons idered i n the preference based o p t i m i z i n g procedure . 
T w o of these funct ions , that are c o m m o n i n M O O a lgor i thms , u s e d i n this thesis, that were 
i n t r o d u c e d i n the [138], are: 

• N o n - d o m i n a n t sor t ing 
• C r o w d i n g distance 
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5.2.2.1 Non-dominant sorting 

This idea w a s f i rs t ly i n t r o d u c e d i n [139]. The b o o k has i n t r o d u c e d the terms: d o m i n a n t 
a n d n o n - d o m i n a n t solut ions . The d o m i n a n t so lut ions are de f ined b y either h a v i n g g a i n i n a l l 
objectives against other i n d i v i d u a l s or h a v i n g a s ignif icant g a i n i n at least one objective. The 
n o n - d o m i n a n t so lut ions are d e f i n e d as b e i n g d o m i n a n t i n at least one objective w h i l e b e i n g 
"worse" i n the other objectives. A s a n e x a m p l e of the n o n - d o m i n a n t a n d d o m i n a n t solut ions 
serves F igure 5.7. 

Fi(-) 

Figure 5.7: D o m i n a n t a n d n o n - d o m i n a n t solut ions 

F i g u r e 5.7 i l lustrates the s i tuat ion , w h e r e the s o l u t i o n 1 is cons idered to be n o n - d o m i n a n t 
to so lut ions 2 a n d 3 a n d v ice versa a n d those three so lut ions creates the P F . There lays the 
s implest d e f i n i t i o n of the P F , that is a set of n o n - d o m i n a n t solut ions . In F i g u r e 5.7 t w o sets of 
n o n - d o m i n a n t solut ions (PF) are d e p i c t e d - the First P F a n d the Second P F . The m e m b e r s of 
the First P F dominates the m e m b e r s of the Second P F . The mathemat i ca l express ion of s u c h a 
d i v e r s i o n is presented i n [139] b y (5.7): 

(x <p y) & (V,-)(x,- < yt) A < y{) (5.7) 

, where the x a n d y are considered to be vectors a n d the re lat ion s y m b o l <p expresses par t ia l ly 
fewer relations be tween those t w o vectors. 

5.2.2.2 Crowding distance 

The c r o w d i n g distance w a s i n t r o d u c e d i n [138], w h e r e it is also labe led as the "densi ty 
est imation", a n d is h e l p i n g a n a l g o r i t h m to spread evenly trade-off solutions o n PFs. This helps 
to m a x i m i z e the p o r t f o l i o of poss ible a n d e q u a l l y d i s t r i b u t e d so lut ions i n the objective space. 
This step s h o u l d a l l o w the user to choose the o p t i m a l trade-off s o l u t i o n f r o m the P F a n d h e l p 
the a l g o r i t h m to focus o n the less c r o w d e d areas of the P F . The c r o w d i n g distance u s u a l l y 
f o l l o w s the n o n - d o m i n a n t sort ing procedure, therefore into this process come the sorted vectors 
of objective values . The mathemat ica l descr ip t ion of f u n c t i o n is i n (5.8) a n d (5.9). 

c(Im(i)) = cm(Im(i)) 
m=l 

(5.8) 
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where 

c(im(/')) (5.9) 
fm,max fm,min 

where Im (z) is the i - th index f r o m the m - t h vector of indices , the fm,max a n d /O T ; O T !- n are the m a x i m a l 
a n d m i n i m a l values of the m - t h objective i n the current front, respectively, as presented i n [140]. 
The m e t h o d is depic ted i n F igure 5.8. 

0 
o 

o 

C u b o i d 

i< ! ° 
- • 
i + 1 

f i 

Figure 5.8: C r o w d i n g distance explanat ion [138] 

This funct ion is general ly used w i t h success used i n m a n y M O O algori thms, such as the dif­
ferential e v o l u t i o n a l g o r i t h m [141] or i n the particle s w a r m o p t i m i z a t i o n [142], due to its s imple 
a n d effective purpose . In [143] this m e t h o d w a s replaced because of its computat iona l d e m a n d . 
But since it is expected that the calculations of the E M designs are s ignif icant ly more d e m a n d i n g , 
the t ime r e q u i r e d for the c r o w d i n g distance es t imat ion t ime becomes a lmost neg l ig ib le i n the 
w h o l e o p t i m i z a t i o n process, therefore the a l g o r i t h m s i n this thesis w i l l take advantage of this 
m e t h o d . 

5.3 Sorting of optimization algorithms 

Besides the O A sor t ing based o n the n u m b e r of objectives, there is the second perspect ive 
one can take - the a l g o r i t h m p r i n c i p l e . The major i ty of the w e l l - k n o w n a lgor i thms c o u l d be 
u s e d i n the s ingle a n d mult i -ob ject ive var iants . The same c o u l d be s a i d about the a l g o r i t h m 
vers ions for the P B M O O a n d I M O O . The c o m p a r i s o n of the same a l g o r i t h m w i t h a different 
M O O a p p r o a c h is one of this thesis a ims. 
P r o b a b l y h u n d r e d s of O A s can be f o u n d i n the literature. A l w a y s some trade-off has to be met 
be tween the c o m p l e x i t y of the a l g o r i t h m a n d its eff iciency of f i n d i n g the best s o l u t i o n (global 
o p t i m u m ) . A l t h o u g h those t w o objectives c o u l d be i n direct o p p o s i t i o n , some a lgor i thms have 
f o u n d a suitable trade-off to par t ia l ly satisfy b o t h condi t ions . The general categories of the O A 
can be f o u n d i n [134] a n d the m o d i f i e d o v e r v i e w is s h o w n i n F i g u r e 5.9, w h i l e the category 
n a m e d " W i t h the a d d e d leve l of sophis t icat ion" is a d d e d . 

In the f o l l o w i n g subsections w i l l a l l O A categories be descr ibed a long w i t h the applicat ions 
i n the l i terature a n d one a l g o r i t h m e x a m p l e (usual ly the best k n o w n ) w i l l be selected a n d 
expla ined more thoroughly . 
The category of the c o m b i n e d O A w i l l be ment ioned last since b o t h the se l f -organizing m i g r a t i n g 
a l g o r i t h m ( S O M A ) a n d genetic a l g o r i t h m ( G A ) fa l l into this category a n d those a lgor i thms w i l l 
be a l l descr ibed i n detai l . 
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Figure 5.9: Types of O A a d o p t e d a n d m o d i f i e d f r o m [134] 

5.3.1 Stochastic algorithms 

The stochastic a lgor i thms (SA) are based o n u s i n g the randomness of the system to m a x i m i z e 
or m i n i m i z e the objectives. O v e r the years, the S A became i m p o r t a n t to v a r i o u s science [144], 
engineering [145], economy [146] a n d other f ields, where o p t i m i z a t i o n is used. The randomness 
employment , the key S A characteristic, c o u l d also be i m p l e m e n t e d to other a l g o r i t h m types, ac­
cord ing to [147] a n d [148] u s u a l l y b y some r a n d o m parameters or constrains. The characteristics 
of the S A are b y [134]: 

• S l o w 
• Suitable for s m a l l objective spaces 

5.3.1.1 Particle swarm optimization 

The part ic le s w a r m o p t i m i z a t i o n (PSO) is the best k n o w n a n d the most u s e d a l g o r i t h m i n 
the S A category, based o n the n u m b e r of papers p u b l i s h e d i n the recent years. Since a lot of 
the d e v e l o p m e n t t ime w a s d e v o t e d into it, the P S O has m a n y modi f i ca t ions , that are br ie f ly 
s u m m a r i z e d i n F igure 5.10. 

The P S O p r i n c i p l e w a s i n t r o d u c e d i n 1995 b y J. K e n n e d y a n d R u s s e l l Eberhart i n [150]. 
The first a l g o r i t h m idea w a s based o n the co l l i s ion-proof b i r d s a n d w a s t r y i n g to imitate their 
behavior w h i l e searching for f o o d , mates, or idea l envi ronmenta l parameters, such as the temper­
ature. The m a i n m o t i v a t i o n w a s to introduce a s imple a n d effective O A , w i t h the least a m o u n t of 
control variables. The o r i g i n a l paper considered at first just three i n p u t variables , w h i l e t w o v a r i ­
ables were f o u n d relevant the first b e i n g the size of the s w a r m a n d the other one w a s the inertia 
w e i g h t labeled co. The parameter ca l led craziness, w h i c h influences b igger stochastic behavior , 
w a s r e m o v e d . The a l g o r i t h m part ic les behave i n a certain w a y based o n their current p o s i t i o n 
vector X - = ( x , i , x,2, XQ, x i n ) T i n a hyperspace a n d a veloci ty vector V- = (va, v,2, VQ, Vi„)T 

for every z'-th particle at the t ime t, control parameters setting a n d the randomness of the system 
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Figure 5.10: Types of the P S O [149] 

i n a d i m e n s i o n j as i n t r o d u c e d i n (5.10). 

V j + 1 = coVt + driipbestij - Xl
{j) + ^(gbestj - X|) (5.10) 

a n d (5.11) 

, w h e r e the i = 1,2, ...,P a n d j = 1,2, ...,n (P is the a m o u n t of part ic les a n d n is the n u m b e r 
of objectives). The first t e r m is based sole ly o n the part ic le i n i t i a l speed a n d the iner t ia w e i g h t 
factor. If co is e q u a l to one, the part ic le m o t i o n is f u l l y i n f l u e n c e d b y the p r e v i o u s m o t i o n , 
b y decreasing the parameter, the inf luence is reduced . This var iab le inf luences the a l g o r i t h m 
tendency towards the g loba l instead of a local o p t i m u m . 
The second term is cal led the i n d i v i d u a l cogni t ion term a n d depends o n the particle best (pbest) 
p o s i t i o n d u r i n g the o p t i m i z a t i o n , the parameter c\ is therefore ca l led the i n d i v i d u a l - c o g n i t i o n 
parameter. The parameter Y\ is a r a n d o m parameter i n range [0,1] i n t r o d u c i n g the randomness 
to the system. 
The last part of the equat ion is the soc ia l l e a r n i n g one. Th is part forces the part ic le to travel 
towards (so far) the best s o l u t i o n f o u n d b y a l l particles gbest. Th is is again control led, this t ime 
b y the soc ia l l e a r n i n g parameter c 2 a n d r a n d o m parameter r 2 , that has the same range as the 
parameter t\. 
The a l g o r i t h m is i n [151] descr ibed as f o l l o w s : 

1. In i t ia l izat ion 
1.1. For each part ic le i i n a s w a r m p o p u l a t i o n size P: 

1.1.1. Init ial ize X , r a n d o m l y 
1.1.2. Init ial ize Vj r a n d o m l y 
1.1.3. Evaluate the fitness f(Xt) 
1.1.4. Init ial ize pbestj w i t h a copy of X , 

1.2. Init ial ize gbest w i t h a copy of X , w i t h the best fitness 
2. Repeat u n t i l a s t o p p i n g cr i ter ion is satisfied: 

2.1. For each part ic le i : 
2.1.1. U p d a t e V- a n d X\ according to equations (5.10) a n d (5.11) 
2.1.2. Evaluate the f i t n e s s / ( X t ) 
2.1.3. pbestj <r- Xt iff (pbestj) < f(Xf) 
2.1.4. gbest j <- X\ iif(gbestj) < f(Xf) 

N o t e : The equations f r o m the o r i g i n a l text are relabeled w i t h the labels used i n this w o r k . 
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The steps at the t ime t (a)) a n d t + 1 (b)) are depic ted i n F igure 5.11. 

Figure 5.11: a) The ve loc i ty vector at the t ime t b e i n g the c o m p o s e d f r o m components , b) The 
u p d a t e d p o s i t i o n vector at the t ime t c o m p o s e d f r o m the components [151] 

5.3.2 Deterministic algorithms 

The determinis t ic a lgor i thms ( D A ) are o n the contrary to S A based o n l y o n the exact m a t h ­
emat ica l funct ions a n d expressions. The D A approaches re ly o n l inear a lgebra since they are 
u s u a l l y based o n gradient c o m p u t a t i o n w i t h their advantages a n d disadvantages . The a d v a n ­
tages are, according to [134], o b v i o u s l y a v e r y fast convergence i n c o m p a r i s o n w i t h the S A , w i t h 
a l o w e r n u m b e r of fitness func t ion evaluations (FFE). The biggest disadvantage is that the D A s 
tend to converge into the loca l o p t i m u m instead of the g l o b a l o p t i m u m . S u c h a lgor i thms need 
to have some predetermined parameters a n d have some assumptions of the p r o b l e m before the 
o p t i m i z a t i o n process starts, assumpt ions of the p r o b l e m c o u l d be [134]: 

• L i n e a r i t y of a p r o b l e m , 
• convexi ty of the p r o b l e m , 
• s m a l l objective space. 

The D A s are also b e i n g d e v e l o p e d a n d o p t i m i z e d towards the best efficiency a n d appl i cab i l i ty 
i n v a r i o u s f ie lds s u c h as the f inance [152], the c h e m i c a l engineer ing [153] or the engineer ing 
d e s i g n [154]. The D A is b y d e f i n i t i o n just a s ingle objective, therefore it cannot be u s e d i n the 
E M d e s i g n process, but the example of the D A w i l l be s h o w n regardless of this fact. 

5.3.2.1 Hill-climb algorithm 

The h i l l - c l i m b i n g a l g o r i t h m is one of the best k n o w n D A s . Since it is based o n the specific 
mathematics descr ip t ion it is v e r y fast, as w a s m e n t i o n e d i n the determinis t ic subsect ion. The 
p r i n c i p l e is i n s p i r e d b y f o l l o w i n g the increas ing e levat ion of a p e r s o n c l i m b i n g u p the h i l l to 
reach the top. It is v e r y computat iona l ly efficient since the a l g o r i t h m evaluates o n l y the current 
p o s i t i o n t i l l n o increased v a l u e i n the n e i g h b o r h o o d of the current a l g o r i t h m p o s i t i o n is f o u n d . 
In F igure 5.12 b e l o w are depic ted the possible " r i s k y " a l g o r i t h m posi t ions [155]. 

The first issue c o u l d be f o u n d , w h e n it reaches the plateau, i n F igure 5.12 n a m e d as shoulder 
or the "flat" l o c a l m a x i m u m , w h e r e the increased va lues are eventua l ly n o longer a r o u n d the 
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Figure 5.12: H i l l c l i m b i n g a l g o r i t h m , a d o p t e d f r o m [155] 

posi t ions . The a l g o r i t h m becomes stuck i n these pos i t ions not f i n d i n g the g l o b a l o p t i m u m , 
w h i c h is the o p t i m i z a t i o n goal . The other p o s i t i o n , w h e r e the a l g o r i t h m can e n d the searching 
process is the l o c a l o p t i m a . This p o s i t i o n is s i m i l a r to the p r e v i o u s ones i n not h a v i n g a h igher 
value i n the ne ighbor ing posi t ions , w h i l e st i l l not reaching the highest (global) o p t i m a l so lut ion. 
A l l of these so lut ions are addressed for e x a m p l e i n the smart h i l l - c l i m b i n g a l g o r i t h m [156], 
w h e r e the L a t i n H y p e r c u b e S a m p l i n g is a p p l i e d . T h i s i m p r o v e s the dec i s ion space s a m p l i n g 
coverage. The h i l l - c l i m b i n g a l g o r i t h m o p t i m i z a t i o n w a s c o m p a r e d w i t h the genetic a l g o r i t h m 
i n [157] w i t h relat ively g o o d results i n the t ravel ing salesman p r o b l e m , w h i c h w a s i n this thesis 
in t roduced i n section 5.1. The use of the h i l l - c l i m b i n g a l g o r i t h m i n the area of the credal network , 
that is a graphica l structure, is s h o w n i n [158]. 

5.3.3 Enumerative algorithms 

The p r i n c i p l e of enumerat ive methods is an est imat ion of a l l possible characteristics c o m b i ­
nations of a p r o b l e m . This m e t h o d is suitable for problems, where the characteristics are discreet 
a n d the a m o u n t of characteristics combinat ions is relat ively s m a l l [134]. 

5.3.4 W i t h the added level of sophistication 

The last cons idered O A type is the one w i t h the a d d e d l e v e l of sophis t icat ion . Th is a lgo­
r i t h m is u s i n g a n e u r a l n e t w o r k as a t r a i n i n g m o d e l , w h i c h is b e i n g eva luated a n d t ra ined b y 
the c o m p u t a t i o n of a real p h y s i c s m o d e l , e.g. a n electric m a c h i n e i n [159]. A f t e r the t r a i n i n g 
procedure , the m o d e l is used to f i n d the o p t i m a l s o l u t i o n , w h i c h is v e r i f i e d aga in b y the i n i t i a l 
physics m o d e l . This type of o p t i m i z a t i o n c la ims to s ignif icant ly speed u p the o p t i m i z a t i o n p r o ­
cess, especia l ly w h e n the a f t e r w a r d t ra ined m o d e l is u s e d i n other analyses, s u c h as tolerance 
analysis , as demonstrated i n [160]. The surrogate t ime-saving o p t i m i z a t i o n procedure is s h o w n 
i n F igure 5.13 
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Figure 5.13: Surrogate o p t i m i z a t i o n procedure [159] 

5.3.5 C o m b i n e d algorithms 

Sl ight ly more sophist icated a lgor i thms are n a m e d c o m b i n e d . The c o m b i n e d a lgor i thms are, 
as the name impl ies , a combinat ion of t w o types of O A s to achieve the best performance. Usua l ly , 
the stochastic a n d determinis t ic O A s are c o m b i n e d . A major part of the c o m b i n e d O A that is 
also w i d e l y used, but not only, i n a E M o p t i m i z a t i o n is ca l led the evolut ionary a lgor i thms (EA) . 
The c o m b i n e d a lgor i thms c o u l d be characterized b y the f o l l o w i n g characteristics [134]: 

• Robust - O p t i m a l s o l u t i o n is f o u n d regardless of the i n i t i a l c o n d i t i o n setting, 
• effective a n d p o w e r f u l , 
• can f i n d more o p t i m a l solut ions w i t h i n one searching process. 

A c c o r d i n g to [135] the c o m b i n e d , m o r e prec ise ly E A , are the most w i d e l y u s e d a lgor i thms 
for the M O O . E v e n t h o u g h the b o o k w a s w r i t t e n i n 2002, this c l a i m becomes even m o r e true 
n o w a d a y s . Because of the l i s ted characteristics, a l g o r i t h m s that are suitable w i t h the highest 
probabi l i ty to f i n d the o p t i m a l s o l u t i o n a n d are used i n this thesis, are a l l f r o m the E A category. 
Both a lgor i thms w i l l be descr ibed i n a separate section. 

5.4 Optimization algorithms used in this thesis 

The O A s u s e d i n this thesis, were t w o E A - G A a n d S O M A i n b o t h the P B M O O a n d I M O O 
versions. This dec is ion is expected to der ive t w o comparisons . The first is, that the M O O is more 
versati le a n d robust , thus m o r e suitable for the E M o p t i m i z a t i o n a n d the second is to compare 
the mult i -object ive variants of b o t h G A a n d S O M A algor i thms. 

5.4.1 Genetic algorithm 

Genet ic a l g o r i t h m s are heuris t ic search approaches [161]. The G A w a s first, a c c o r d i n g to 
[161], i n t r o d u c e d i n [162] 1 i n the 1975 a n d w a s based o n the b i n a r y s t r i n g representations. 
D . G o l d b e r g w a s able to so lve w i t h this a l g o r i t h m the di f f icul t p r o b l e m of gas-pipel ine contro l 
i n h is dissertat ion thesis [139]. O v e r the years w a s this a l g o r i t h m u s e d i n v a r i o u s appl ica t ions 

Note: Cited was the second edition of the book, due to the missing citing info on the first edition of this book 
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f r o m the b i o m e d i c a l d o m a i n [163], architecture [164], engineer ing [165], E M [166] a n d machine 
l earn ing appl icat ions [167]. 

5.4.1.1 History 

The w h o l e idea of e v o l u t i o n is based o n the D a r w i n i a n theory of e v o l u t i o n [168]. But the 
w h o l e s tudy of genetics, i n his case of a pea plant , began, as noted i n [133], w i t h Gregor M e n d e l . 
H i s s tudies focused o n h o w the traits of one p lant generat ion w e r e passed onto the next one. 
The i d e a of p a s s i n g parents certain traits pheonotype onto the o f f s p r i n g genotype ( combinat ion 
of alleles - traits of b o t h parents) h a v e roots i n the M e n d e l ' s w o r k . The t w o l a w s , that M e n d e l 
i n t r o d u c e d were the p r i n c i p l e of segregation - there m u s t be factors inher i ted i n pa irs ; a n d the 
l a w of independent assortment - the pass ing of one trait is independent of the other trait. 
D a r w i n took this theory of p a s s i n g traits u n d e r certain c ircumstances a n d a d d e d a n a t u r a l 
selection a n d evo lut ion , result ing i n one more complete theory. A s imple d i a g r a m of this theory 
is presented i n F igure 5.14. 

P h e n o t y p i c 

V a r i a t i o n 

N a t u r a l 
E n v i r o m e n t I ^ 

~ Select ion 

A d a p t a t i o n 

E v o l u t i o n 

Figure 5.14: P r i n c i p l e of the D a r w i n e v o l u t i o n theory [168] 

5.4.1.2 Preference based multi-objective algorithm version 

The basic G A (further references as a G A ) is the a l g o r i t h m , that is based o n a belief i n a n 
e v o l u t i o n theory a n d its suff ic iency to f i n d a n o p t i m a l s o l u t i o n f r o m either r a n d o m [137] or 
i m p r o v e d i n i t i a l p o p u l a t i o n strategy [169]. The G A is based o n P B M O O a n d i n c l u d e s a l l p r o ­
cesses f r o m the D a r w i n i a n theory. C o n s i d e r i n g the P B M O O technique, as p r i o r to the w h o l e 
o p t i m i z a t i o n is the " i n i t i a l i z a t i o n process" - the d e f i n i t i o n of the cost f u n c t i o n a n d w e i g h t co­
efficients a l o n g w i t h the d e f i n i t i o n of the objectives. A f t e r the a l g o r i t h m i n i t i a l i z a t i o n process 
b e g i n n i n g the in i t i a l p o p u l a t i o n is generated a n d evaluated b y the fitness funct ion . A s a n idea l 
in i t i a l p o p u l a t i o n is considered s u c h a p o p u l a t i o n , that is d is t r ibuted a long w i t h the w h o l e deci ­
s ion space, to cover most of the space a n d therefore increase the efficiency of f i n d i n g the g loba l 
o p t i m a l so lut ion . Sequential to the fitness evaluat ion is the p r o d u c t i o n of the n e w of fspr ing a n d 
processes connected to it - the crossover a n d m u t a t i o n . The a l g o r i t h m the basic G A process is 
as descr ibed i n [133] a n d is s h o w n i n F igure 5.15. 

Direc t ly after the in i t i a l p o p u l a t i o n evaluat ion comes to the selection of the mates, that w i l l 
p e r f o r m a crossover. The p o p u l a r approaches to the select ion of the mates are the tournament 
selection a n d p o o l selection. 
The tournament selection is based o n the r a n d o m selection f r o m the i n d i v i d u a l s . The probabi l ­
i ty of p i c k i n g a n i n d i v i d u a l is the same for a l l i n d i v i d u a l s . W h e n the p i c k i n g part is complete , 
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Figure 5.15: Basic G A a l g o r i t h m [133] 

the i n d i v i d u a l s are c o m p a r e d w i t h regards to their cost f u n c t i o n a n d the best one is selected. 
The f igure d e p i c t i n g the dec i s ion process is F igure 5.16 a). 
The pool selection (sometimes i n the literature noted as the "roulette w h e e l " strategy) is based 
o n the c l a i m f r o m [162], that a n i n d i v i d u a l w h o is twice as g o o d s h o u l d have d o u b l e the p r o b ­
abi l i ty of b e i n g chosen. The p r i n c i p l e is u s u a l l y demonstra ted o n the p o o l , hence the p o o l 
selection n a m e , w h e r e are the i n d i v i d u a l s p l a c e d c o r r e s p o n d i n g to their fitness v a l u e a n d the 
i n d i v i d u a l s are r a n d o m l y taken out f r o m the p o o l . The p r o b a b i l i t y of c h o o s i n g the most p o p ­
u l a t e d i n d i v i d u a l i n the p o o l is the highest . F o l l o w i n g the roulette, a n ana logy is the roulette 
arc lengths d i v i d e d b y the fitness values , a n d the roulette is s p i n d l e d a n d finishes the s p i n n i n g 
at a certain p o s i t i o n . A g a i n the p r o b a b i l i t y of roulette f i n i s h i n g its s p i n n i n g at the longest arc, 
c o r r e s p o n d i n g to the i n d i v i d u a l w i t h the highest fitness, is the highest . In F i g u r e 5.16 b) is the 
s i tuat ion of different fitness scores d e p i c t e d o n the three i n d i v i d u a l s ( labeled as A , B, a n d C) 
w i t h different fitness scores i n b o t h the p o o l a n d roulette scenario. 

Round 3: 

Round 2: 

Round 1: 

Figure 5.16: a) Tournament selection based o n [170], b) The p o o l a n d roulette selection [162] 
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The crossover part of the a l g o r i t h m a l l o w s c o m b i n i n g the parents of genetic i n f o r m a t i o n into 
the genetic i n f o r m a t i o n of the o f f spr ing . In nature is the crossover done b e t w e e n t w o parents, 
but i n the G A can be the crossover ex tended to m o r e parents [171]. The crossover process 
can have m u l t i p l e modi f i ca t ions , it can h a v e one or t w o f i x e d or r a n d o m l y located crossover 
points . The most c o m m o n f o r m is i n [133] n a m e d the crossover be tween t w o parents w i t h a 
r a n d o m l y located crossover p o i n t be tween the first a n d the last b i t of parent 's chromosomes . 
The e x a m p l e of the crossover w i t h t w o parents w i t h a h i g h l i g h t e d s p l i t t i n g p o i n t (crossover 
point) is i n F igure 5.17. 

parent 1 parent 2 

offspring 1 offspring 2 

Figure 5.17: Crossover procedure [161] 

The last opera t ion is the mutation. The m u t a t i o n introduces t w o things i n the G A - more 
stochastic behavior a n d a n extension of the in i t ia l ly de termined dec is ion space. The m u t a t i o n is 
the process i n w h i c h a r a n d o m l y chosen part of the crossover c h r o m o s o m e is c h a n g e d w i t h i n 
the p r e v i o u s l y d e t e r m i n e d b o u n d a r i e s . The m u t a t i o n of a parameter is chosen r a n d o m l y i n a 
matr ix N p 0 p U i a t i o n x ^parameters- C o n t r o l parameters of the basic G A are l is ted i n Table 5.1. 

Table 5.1: G A control parameters 

Parameter Range D e s c r i p t i o n 

P o p u l a t i o n size Varies w i t h a p r o b l e m A m o u n t of i n d i v i d u a l s w i t h i n each gen. 
M u t a t i o n rate Probabi l i ty of m u t a t i o n 
Selection I n d i v i d u a l s kept f r o m p r e v i o u s gen. 
N u m b e r of iterations Varies w i t h a p r o b l e m L i m i t of a l g o r i t h m iteration 

5.4.1.3 Ideal multi-objective algorithm version 

This v e r s i o n of the G A is based o n a n I M O O process l e a d i n g to m u l t i p l e Pareto o p t i m a l so­
lut ions . Therefore the a l g o r i t h m inc ludes b o t h funct ions in t roduced i n the subsection 5.2.2. The 
best k n o w n a lgor i thms w o r k i n g o n the p r i n c i p l e of genetic e v o l u t i o n are the N o n - d o m i n a t e d 
sor t ing genetic a l g o r i t h m ( N S G A - I I ) [138] a n d the strength pareto e v o l u t i o n a r y a l g o r i t h m 
(SPEA2) [172]. E v e n t h o u g h these t w o a l g o r i t h m s are v e r y s imi lar , the N S G A - I I is p r o b a b l y 
m o r e famous i n a n E M d e s i g n [7,112,160]. B o t h a lgor i thms were i m p r o v e d a n d presented o n 
test funct ions [143,173], b u t not w i d e l y used i n pract ical appl icat ions a n d f i n d better efficiency 
i n a h igher n u m b e r of objectives (four or more) . Since the N S G A - I I a l g o r i t h m is m o r e p o p u l a r , 
it is chosen for the c o m p a r i s o n . The N S G A - I I p r i n c i p l e is depic ted i n F igure 5.18. 

The N S G A - I I procedure f l o w after the i n i t i a l p o p u l a t i o n est imat ion is i n [135] as f o l l o w i n g : 
1. C o m b i n e the parent a n d o f f s p r i n g p o p u l a t i o n s a n d create R t = P t U Q t . P e r f o r m a n o n -

d o m i n a t e d sor t ing to R t a n d ident i fy different fronts. Fu i = 1 . 2 , e t c 
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N o n - d o m i n a t e d C r o w d i n g 
s o r t i n g d i s t a n c e 

R t 

Figure 5.18: N S G A - I I p r i n c i p l e f r o m [135] 

2. Set the n e w p o p u l a t i o n P t + i = 0 a n d set counter i = 1. U n t i l | P t + i | + | Fi |< N , p e r f o r m 
P t + i = P t + i U Fi a n d i = i + l. 

3. P e r f o r m the c r o w d i n g - s o r t (F i < c ) procedure a n d i n c l u d e the most w i d e l y spread ( N — | 
Pt+i |) solut ions b y u s i n g the c r o w d i n g distance values i n the sorted Fi to Pt+i. 

4. Create o f f s p r i n g p o p u l a t i o n Q t + 1 f r o m P t + i b y u s i n g the c r o w d e d t o u r n a m e n t selection, 
crossover a n d m u t a t i o n operators. 

The crossover, tournament selection, w h i c h is not o n l y dependent o n the fitness v a l u e , b u t 
also o n the c r o w d i n g distance a n d m u t a t i o n process is s i m i l a r to the ones u s e d i n the G A 
a l g o r i t h m . 

5.4.2 Self -organizing migrat ing algorithm 

The second a l g o r i t h m , that w i l l be u s e d a n d c o m p a r e d w i t h i n this thesis is the S O M A . 
This a l g o r i t h m , s i m i l a r l y to the G A , falls in to the E A category, a l t h o u g h not w o r k i n g o n a 
p r i n c i p l e of e v o l u t i o n , a n d b y its nature is located i n the c o m b i n e d a lgor i thms . The a l g o r i t h m 
w a s d e v e l o p e d b y prof . Z e l i n k a i n 1999 [134] a n d w a s p r o v e n successful i n m a n y appl icat ions 
s u c h as a chemis t ry [174], p r o g r a m m i n g [175], E M [137,176]. The m o d i f i e d S O M A to a team 
approach i n [177] a n d w i t h self-adaptive parameters m o d i f i c a t i o n i n [178]. 

5.4.2.1 Preference based multi-objective algorithm version 

This a l g o r i t h m v e r s i o n is a g a i n focused o n a single-objective o p t i m i z a t i o n or P B V type of 
mult i -ob ject ive o p t i m i z a t i o n . It is based o n the i d e a f r o m [134] a n d is based o n the n a t u r a l 
behavior of a n a n i m a l group , thus competit ive-cooperative strategies a n d b y this, as ment ioned 
i n [134], falls r ight between the memetic a n d s w a r m algor i thms ( introduced i n subsection 5.3.1.1. 
The memet ic a l g o r i t h m s are, based o n [179], a n extension of the G A e q u i p p e d w i t h the local 
search technique to reduce a premature local convergence. 
A g r o u p of an imals , that have a predator inst inct , are d r i v e n b y their needs to f i n d prey. A n 
example w i d e l y use i n S O M A literature is a g r o u p of w o l v e s , this i m a g e is also u s e d i n [134]. 
O n e m e m b e r of the p a c k has to be the closest one to the p r e y a n d the other members f o l l o w 
h i m . The closest m e m b e r to the f o o d is i n the a l g o r i t h m t e r m i n o l o g y ca l led the leader. The 
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other members w h i l e t ravel ing towards the leader i n epochs, cal led i n S O M A migrat ions , c o u l d 
become even closer to the prey. In the next m i g r a t i o n is this member assigned w i t h the honor to 
become the n e w leader a n d the other members are again changing their d i rec t ion to h i m instead 
of the p r e v i o u s leader. Th is type of cooperat ion is benef ic ia l ly used i n this a l g o r i t h m . 
The a l g o r i t h m steps of the A l l T o O n e v e r s i o n are depic ted i n F igure 5.19. 

Define fitness function, variables, 
select S O M A parameters 

I 
Generate ini t ia l population, 

evaluate cost 

I 
F i n d cost for each 

population individual 

I 
Select leader 

I 
Migrat ion to 

the leader 

I 
Perturbation 

I 
Evaluat ion of new population 

from migration to leader 

I 
Convergence check 

I 
Done 

Figure 5.19: S O M A A l l T o O n e p r i n c i p l e [137] 

A s f o r e s h a d o w e d i n F i g u r e 5.19, the S O M A a l g o r i t h m has m u l t i p l e vers ions , that differ i n 
the goals of the m i g r a t i o n . S O M A vers ions are: 

1. A l l T o O n e - The "basic" strategy, a l l i n d i v i d u a l s , except the leader, are t r a v e l i n g t o w a r d s 
the leader, w h o remains at the same pos i t ion . Th is strategy is depic ted i n F igure 5.20 a). 

2. A l l T o A l l - N o leader is selected, a l l i n d i v i d u a l s are t rave l ing to the other i n d i v i d u a l s . It is 
more c o m p u t a t i o n a l l y d e m a n d i n g . This v e r s i o n is s h o w n i n F igure 5.20 b). 

3. A l l T o A l l A d a p t i v e - S imi lar to the prev ious A l l T o A l l vers ion , but the i n d i v i d u a l s after the 
migrat ions stay at their best - found pos i t ion . 

4. A l l T o R a n d - Leader is chosen r a n d o m l y a n d other members are t rave l ing towards h i m . 
5. Clusters - H y p e r s p a c e is d i v i d e d into clusters a n d each i n d i v i d u a l p o p u l a t i o n is tested i n 

this cluster. 
S i m i l a r to the G A the S O M A also has a set of contro l parameters , that c o u l d be t u n e d a n d 

m o d i f i e d . The parameters are a long w i t h the r e c o m m e n d e d range a n d suggested o p t i m a l setup 
for the E M d e s i g n i n [137] l is ted i n Table 5.2. 
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-4 -2 0 2 4 -4 -2 0 2 4 

a) b) 

Figure 5.20: a) S O M A A l l T o O n e strategy, b) S O M A A l l T o A l l strategy; M e m b e r s before the 
m i g r a t i o n are d i s t i n g u i s h e d b y the decreased opaci ty [134] 

Table 5.2: S O M A i m p o r t a n t control parameters 

Parameter Range f r o m [134] U s e d i n E M d e s i g n [137] 
P a t h L e n g t h [1.1,5] 2.1 

Step [0.11, PathLength] 0.11 
P R T [0,1] 0.3 
P o p S i z e [10, u p to user] 20 
M i g r a t i o n s [10, u p to user] 10 

The PathLength s ize defines h o w far each i n d i v i d u a l has to t rave l o n a w a y to the Leader, 
w h i l e v a l u e 1 means , that the i n d i v i d u a l stops at the Leader p o s i t i o n . Step v a l u e defines h o w 
m a n y steps are s a m p l e d d u r i n g the t ravel ing. PRT parameter, u s u a l l y i n a f o r m of a vector of a 
size equal to the n u m b e r of parameters, distorts the s t ra ight forward w a y of i n d i v i d u a l s m o v i n g 
o n a w a y to the leader, e x p l a i n e d i n F i g u r e 5.21. The n u m b e r of the i n d i v i d u a l s (members of 
the h e r d , i n a n a n i m a l metaphor u s e d i n the subsect ion i n t r o d u c t i o n part) a n d the n u m b e r of 
migrat ions of a n a l g o r i t h m is inf luenced b y PopSize a n d Migrations respectively. A l l parameter 
values inf luence the convers ion a n d the f ina l cost f u n c t i o n va lue is presented i n [134] 

5.4.2.2 Ideal multi-objective algorithm version 

This v e r s i o n w a s p r o p o s e d b y P. K a d l e c a n d Z . R a i d a i n [134] a n d w a s successful ly u s e d 
i n the d e s i g n of electromagnetic components [180] a n d also c o m p a r e d to other convent iona l 
methods i n [181]. The idea b e h i n d the multi-objective se l f -organizing m i g r a t i n g a l g o r i t h m ( M O -
S O M A ) is to adopt the intell igent t ravel ing i n d i v i d u a l s p r i n c i p l e to the multi-objective objective 
space instead of t ravel ing i n a dec is ion space hyper-plane . Instead of m o v i n g towards the m e m ­
ber w i t h the lowest cost va lue or r a n d o m l y towards another member or a l l other members , the 
M O S O M A a l g o r i t h m chooses the members closest to the so-called "True Pareto front". The true 
P F is a s s u m e d to be the best poss ib le Pareto set of o p t i m a l solut ions . T h i s strategy is i n [134] 
n a m e d " A l l T o M a n y " . The a l g o r i t h m r u n i n these steps [134]: 

1. The control parameters a n d the d e f i n i t i o n of the objectives. 
2. Ini t ia l p o p u l a t i o n generat ion a n d objectives evaluat ion . 
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5 

Figure 5.21: P R T vector inf luence o n a m e m b e r t rave l ing , the s o l i d b lack d i a g o n a l l y fac ing l ine 
i m p l i e s the s t r a i g h t f o r w a r d t r a v e l i n g , other trajectories are s h o w i n g the w a y w h e n the P R T 
vector is recalculat ing after each step the i n d i v i d u a l took. The other t w o l ines are dep ic t ing the 
m e m b e r ' s travel p a t h inf luenced b y the P R T vector, not recalculat ing after each step [134] 

3. C h o o s i n g the " M a n y " (migrat ing agents) members , that the other w i l l t ravel towards . 
4. P e r f o r m the t rave l ing m i g r a t i o n a n d select the n e w agents for the next migrat ions . 
The procedure is also depic ted i n F i g u r e 5.22, w h e r e are t w o stages depic ted . The first one 

is labe led w i t h x.\ a n d represents the p r e v i o u s generations, EXT is the external archive (the 
" M a n y " ) to w h o m are the i n d i v i d u a l s t rave l ing . The x represents the current generat ion, that 
got closer t o w a r d the "True Pareto", over the EXT archive, represented w i t h the s o l i d black l ine. 

X E X T X-i 

Figure 5.22: M O S O M A p r i n c i p l e f r o m [180] 

A s the a l g o r i t h m s t o p p i n g c o n d i t i o n w a s either cons idered the des i red n u m b e r of m e m ­
bers i n the external archive or the p e r f o r m e d n u m b e r of migra t ions , s i m i l a r l y to S O M A . The 
M O S O M A also considers the funct ions o r i g i n a l l y presented i n the N S G A - I I a l g o r i t h m - n o n -
d o m i n a n t sort ing a n d c r o w d i n g distance. A l l a l g o r i t h m parameters are l is ted w i t h a descr ipt ion 
i n Table 5.3. 

There are three n e w parameters w i t h regards to the S O M A a d d e d i n the M O S O M A . In 
order to contro l the process be tween migrat ions - the parameter T. The second one defines the 
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Table 5.3: M O S O M A parameters a n d o p t i m a l values 

L a b e l O p t i m a l va lue range D e s c r i p t i o n 

|P(1)I (5; 12)* Ini t ia l p o p u l a t i o n size 
T (5; 10)* N u m b e r of m i g r a t i n g agents 
ST (2; 5) N u m b e r of steps i n one m i g r a t i o n 
PL (1.1; 1.7) Relat ive length of p a t h i n one m i g r a t i o n 
PRT (0.1; 0.4) Probabi l i ty of the per turbat ion 

**ex, min ( l/3 ;2/3)** M i n i m a l size of the external archive 
FFE U s e r ' s choice N u m b e r of fit. f u n c t i o n evaluat ions 

N o t e : 
* Range is divided by the number of objectives, e.g. |P(1) | range for 
a two objective problem is (10; 24) 
** Range is divided by the |P(1)|, e.g for |P(1)| equal to 30 is the 
optimal N e X / m i r i value range (10; 20) 

s t o p p i n g condi t ions - the F F E n u m b e r a n d the t h i r d is the m i n i m a l s ize of the external archive 

Next, min • 
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6 I PMASR design 

This chapter will present the performance requirements on a permanent magnet assisted synchronous 
reluctance machine design along with the author's design choices and sacrifices, that were needed to be 
done in order to achieve manufacture feasibility in a reasonable time. An output of this chapter will be 
the optimal solution or a set of candidates for optimization. 

6.1 Design requirements 

A s w a s foreshadowed i n the Introduct ion, the P M A S R machine s h o u l d serve as a low-speed 
h igh- torque S P M m a c h i n e replacement . The m o t o r t o p o l o g y is also cons idered to use ferrite 
magnets, therefore the d e s i g n s h o u l d result i n a high- torque ferrite assisted synchronous reluc­
tance ( H T - F A S R ) machine operat ing i n a low-speed appl icat ion . The machine s h o u l d a i m at the 
highest possible efficiency w h i l e achieving the same output p o w e r w i t h i n the same dimens ions 
keeping the l o w manufacture cost. These requirements, as conf l ic t ing as m a y seem, are expected 
to be at least p a r t i a l l y sat isf ied w i t h the certain trade-offs. The o r i g i n a l m a c h i n e torque-speed 
characteristic is d e p i c t e d i n F i g u r e 6.1, w i t h t w o speci f ied w o r k i n g points l i s ted i n Table 6.1 a) 
a n d b) respectively. 

6000 T : : 7 1 

Speed [rpm] 

Figure 6.1: Torque-speed characteristics of the S P M machine 

6.2 Proposed geometry 

The des ign requirements are a i m i n g for the high-torque machine. A c c o r d i n g to the chapter 4 
can the H T - F A S R d e v e l o p this torque w i t h t w o p r i n c i p l e s - either b y the P M torque p r i n c i p l e 
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Table 6.1: a) Characteristics of the n o m i n a l w o r k i n g po in t a n d b) other def ined desired po in t o n 
the torque-speed characteristics 

(a) (b) 

Parameter Symbol Value Parameter Symbol Value 

N o m . Torque T N 3 5 0 0 N m N o m . Torque T N 3 5 0 0 N m 

N o m . Voltage U l - l 4 0 0 V N o m . Voltage U l - l 4 0 0 V 
Speed n N 1 0 0 m i n " 1 Speed n N 1 5 0 m i n " 1 

or the reluctance torque p r i n c i p l e . D u e to the mater ia l characteristics, l i m i t e d rotor space, a n d 
m e c h a n i c a l strength the reluctance torque part is l i m i t e d to some extent. A s m e n t i o n e d i n the 
four th chapter, the m a i n part of the F A S R machine torque is d e v e l o p e d b y the reluctance torque. 
But because of the h i g h torque requirements , the p r o p o s e d geometry s h o u l d be a i m i n g for a 
h i g h P M torque as w e l l . The H T - F A S R proposed geometry i n the literature [37] or [36] considers 
the P M s o n l y i n the q-axis a i m i n g for the highest magnet ic sal iency £. The p r o p o s e d geometry 
b y this thesis is u s i n g the " f u l l " barr ier of P M s r i s k i n g a p a r t i a l d e m a g n e t i z a t i o n at the barr ier 
ends. The geometry is s h o w n i n F igure 6 . 2 . 

Barrier_angle 

Figure 6.2: P r o p o s e d parametr ic geometry for a H T - F A S R analysis a n d o p t i m i z a t i o n 

The p r o p o s e d geometry has a certain set of parameters specif ied for each barrier. To achieve 
a m o r e versat i le geometry i n terms of d i m e n s i o n s a n d to l o w e r the p r o b a b i l i t y of barr iers 
c o l l i d i n g i n the o p t i m i z a t i o n , d imens ionless parameters i n the f o r m of ratios were p r o p o s e d . 
Parameters labe led as MThick_ratio a n d SThick_ratio c o u l d be f o u n d i n the i n t e r v a l 0 - j - 1 a n d 
the d imens ions of the m a i n a n d side magnets i n the i - th barrier layer are g i v e n b y the equations 
( 6 . 1 ) a n d (6 .2 ) : 

, , . , . , . . 7 . (Rotor_outer_radius — Bottom_radius) .^„, 
Main magnet thicknessi = MThick_ratWi • - : ( 6 . 1 ) 

Barriers number 

_., , . , __, . , . (Rotor _outer_radius — Bottom_radius) 
Side magnet thicknessi = SThick_ratiOi • - : - (6 .2 ) 

Barriers number 

S i m i l a r l y to the magnet d i m e n s i o n s , the barr iers w i d t h s are for the i - t h barr ier layer ex­
pressed b y : 
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Flux barrier widths = Y_ MWidth_ratio, 
n=l 

(2nBottom_radius) 
(6.3) 

2p 

The i - th flux-barrier e n d angle is est imated by : 

Flux barrier angle^ = ^ Barrier jingle, n (6.4) 

The other depic ted parameters i n F igure 6.2 (b_gap a n d Barrier_of f set) are def ini t ive values 
expressed i n m i l l i m e t e r s . The p r o p o s e d parametr ic geometry has other parameters , s u c h as a 
n u m b e r of pole-pairs p a n d a n u m b e r of barriers to establish a " r o u g h " geometry, that w i l l serve 
as a n i n p u t i n the o p t i m i z a t i o n process. 

6.3 Search for the ideal slot-pole combination 

The slots per p o l e a n d phase rat io (q) are some of the most i m p o r t a n t t o p o l o g y parameters 
of the electric motor. The o p t i m a l va lue of a q c o u l d lead to o p t i m a l performance characteristics, 
such as a h i g h average torque w i t h a l o w T R or a l o w total h a r m o n i c d is tor t ion ( T H D ) . L i k e w i s e 
the b a d va lue of q w i l l result i n a b a d electric motor per formance as stated i n [182,183]. 
Therefore to f i n d an o p t i m a l q can be c ruc ia l for the w h o l e d e s i g n process. Since o n l y a s m a l l 
p o r t i o n of poss ib le combinat ions w a s invest igated i n [37], it w a s d e c i d e d to investigate more 
slot-pole combinat ions a n d s u m m a r i z e the w h o l e search throughout the var ious w i n d i n g types 
s u c h as the f rac t ional concentrated w i n d i n g , b o t h the s ingle- layer f rac t ional slot ( F S C W - S L ) 
a n d the dual - layer fract ional slot w i n d i n g ( F S C W - D L ) conf igurat ion , fract ional slot d is t r ibuted 
w i n d i n g (FSDW) a n d integral slot w i n d i n g (ISW). 
The a i m w a s also to p r o v e the current ly invest igated combinat ions i n [37], but also to poss ib ly 
discover n e w combinat ions , especially i n the concentrated w i n d i n g types, that c o u l d have suff i ­
cient characteristics. The advantages of such a c o m b i n a t i o n i n concentrated w i n d i n g s (CW) are 
o b v i o u s - a shorter c o i l o v e r l a p a n d a h igher poss ible s lo t - f i l l factor. B o t h those benefits c o u l d 
l ead to the decrease of the Joule losses, w h i c h w i l l p l a y a major role i n the H T - F A S R d e s i g n 
losses. The advantages, as are m e n t i o n e d i n [18] is the n e w l y in t roduced harmonics , that c o u l d 
cause a d d i t i o n a l losses a n d a T R reduct ion . A s m e n t i o n e d i n [184], the F A S R machines , since 
c o m b i n i n g t w o torque d e v e l o p m e n t p r i n c i p l e s , w h i l e a C W is u s e d i n R E type P M excited m a ­
chines a n d an I S W is used i n S y n R e l machines, the dec is ion of an o p t i m a l w i n d i n g conf igurat ion 
c o u l d be a c h a l l e n g i n g task. M a t e r i a l s w e r e chosen based o n the current pr ice a n d avai labi l i ty . 
A l l m o d e l s h a d the same mater ia l conf igurat ion as l i s ted i n Table 6.2. 

Table 6.2: L i s t of materials used i n the H T - F A S R machine d e s i g n F E A s imulat ions 

Part Material 

Stator l a m i n a t i o n M 4 7 0 - 5 0 A 

Rotor l a m i n a t i o n M 3 3 0 - 3 5 A 

P M mater ia l P Z K 454, Br = 0.34 T at 80°C 

C o p p e r at 140°C 

Stainless steel 

Stator w i n d i n g 

Shaft 
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6.3.1 Investigated w i n d i n g types 

The c o m p a r i s o n w i n d i n g s condi t ions are: 
• O n l y the r a n d o m l y w o u n d e d s tranded w i n d i n g w i l l be considered. 
• W i n d i n g s must satisfy the coi l -over laps l i m i t s ( l imited housing) . 

6.3.1.1 Fractional slot concentrated winding (tooth-coil winding) 

The fract ional slot w i n d i n g s i n general c o u l d be descr ibed b y the f o l l o w i n g equat ion (6.5): 

q&N (6.5) 

, w h e r e N is a set of integers. The F S C W - D L w i n d i n g type u s u a l l y prof i ts f r o m a n increased 
slot f i l l i n g factor a n d shorter co i l -over laps , because the c o i l s ides l ie i n the n e i g h b o r i n g slots. 
Signif icant amounts of copper c o u l d be saved a n d the m a n u f a c t u r i n g process of coils c o u l d be 
s i m p l i f i e d , as stated i n [185], due to the reduced coi l -over lap length. 
A d d i t i o n a l l y , to the benefits above stated for the F S C W - D L w i n d i n g , the F S C W - S L reduces the 
short-c ircuit p o s s i b i l i t y b e t w e e n the phases, since o n l y one c o i l s ide is i n one stator slot, thus 
no phase-phase insu la t ion is required i n the slot. This c o u l d also lead to a further s lot - f i l l factor 
increase. The F S C W - S L is , unfortunate ly , a source of h igher w i n d i n g h a r m o n i c s , that c o u l d 
cause a d d i t i o n a l Joule a n d i r o n losses. D u e to the l i m i t e d d imens ions , the invest igated n u m b e r 
of poles is u p to 16 poles a n d the n u m b e r of slots is constrained to 24 slots. 

6.3.1.2 Integral slot winding 

The I S W is characterized b y f o l l o w i n g the equat ion (6.6): 

= — = 2q e Neven (6.6) 
mt mp 

, w h e r e the Q is a n u m b e r of slots, m is the phase n u m b e r , p is the n u m b e r of pole -pa i rs a n d t 
is the largest c o m m o n d i v i d e r of Q a n d p. The I S W is, as m e n t i o n e d above, u s e d w i t h a g o o d 
results i n the S y n R e l b u t also i n the H T - F A S R machines [36,37]. Therefore it is expected to 
achieve satisfactory characteristics also i n appl icat ions considered i n this appl i ca t ion . 
The l i m i t e d d imens ions a l l o w the n u m b e r of poles u p to 16 poles a n d the n u m b e r of slots u p to 
72 slots. 

6.3.1.3 Fractional slot distributed winding 

The F S D W has been used w i t h the g o o d results i n var ious S y n R e l or F A S R appl icat ions such 
as servo appl icat ions [186] or a i r - condi t ion ing compressors [187]. The motor i n [186] uses ferrite 
magnets a n d a F S D W w i n d i n g w i t h The F S D W can be s i m i l a r l y as F S C W - S L a n d F S C W - D L 
w i n d i n g s , expressed b y equat ion (6.5). The tested conf igurat ions are considered u p to 16 poles 
a n d 75 slots. 

6.3.2 C o m p a r i s o n objectives 

The c o m p a r i s o n objectives were chosen as f o l l o w s - the average electromagnetic torque, the 
TR, the saliency ratio £. O n e a d d i t i o n a l objective, that has an informat ive character is cal led the 
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reluctance torque ratio (krei). To reason w h y were these objectives chosen to this c o m p a r i s o n , 
f o l l o w i n g equations (6.7) a n d (6.8) are s h o w n . The electromagnetic torque is for F A S R machines, 
w h e r e the ^-axis is a l i g n e d w i t h the P M descr ibed b y (4.4) i n chapter 4, for easier or ientat ion 
s h o w n aga in i n (6.7). 

3 
T = 2? [#M»d + ( L d - Lq)idiq\ (6-7) 

, where the ippM is the P M f lux- l inkage , a n d L q are machine inductances i n the d^-coordinate 
system, w h i l e z'd a n d i„ are express ing the currents i n the same coordinate system. The T R is 
evaluated: 

TR = 50 ( 6 . 8 ) 

, where the T p k 2 p k is the peak-peak va lue of the torque behavior . 

The coefficient, labeled as the reluctance torque ratio is def ined for this paper a n d further infor­
m a t i v e c o m p a r i s o n . The rat io is i n (6.9) a n d is express ing the p o r t i o n of the reluctance torque 
related to the total electromagnetic torque, thus: 

fcrel = % = ( L d " L q ) ^ . = " L q ) f q + 1 (6.9) 

The F A S R sal iency is est imated as the ratio of d-axis a n d ^-axis inductances (6.10): 

6.3.2.1 Rotor and stator in the investigation 

The [188,189] c la ims , that the geometry t o p o l o g y conf igura t ion has a b i g inf luence o n the 
machine performance. Therefore to achieve a n objectively comparable non-biased c o m p a r i s o n , 
it w o u l d be necessary to r u n a parametr ic o p t i m i z a t i o n or at least some parametr ic analysis 
w i t h an o p t i m a l current angle to compare the o p t i m a l so lut ions for each c o m b i n a t i o n . Th is 
w o u l d c lear ly in t roduce a n e n o r m o u s c o m p u t a t i o n a l a n d t ime b u r d e n to the process, thus 
it w a s d e c i d e d to use the same rotor t o p o l o g y for the same p o l e combinat ions . The o p t i m a l 
current angle, to achieve the m a x i m u m - t o r q u e - p e r - a m p e r e ( M T P A ) contro l for every slot-pole 
c o m b i n a t i o n w a s f o u n d . The inves t iga t ion is done for 4 rotor c o m b i n a t i o n - 10, 12,14 a n d 16 
poles, a l l the combinat ions are depic ted i n F igure 6.3. 

a) b) c) d) 

Figure 6.3: Cross-sect ion of the rotor l a m i n a t i o n of a) 10 poles rotor, b) 12 poles rotor, c) 14 poles 
rotor a n d d) 16 poles rotor. 

The w i n d i n g conf igurat ions were chosen based o n the d e m a n d s a n d l imi ts l is ted i n subsec­
t ion 6.3.1 a n d the requirement of a relat ively g o o d w i n d i n g factor. E a c h conf igurat ion has f ixed 
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i n p u t energy, the m a g n e t o - m o t i v e force ( M M F ) , that is d e r i v e d f r o m the i n i t i a l S P M machine . 
The stator geometry is expected to keep the same flux-density B i n the i m p o r t a n t geometry 
parts , f r o m the d e s i g n perspect ive - stator tooth a n d y o k e , as the i n i t i a l m a c h i n e (1.8 T, 1.2 T 
respectively). It can be noted, that the stator E M m o d e l does not inc lude the water jacket coo l ing 
holes that w i l l later further reduce the stator yoke . The w i n d i n g combinat ions are d e p i c t e d i n 
Table 6.3. 

Table 6.3: L i s t of the tested slots a n d p o l e H T - F A S R combinat ions w i t h the c o r r e s p o n d i n g q i n 
the brackets 

Winding type Tested combinations (Slots/poles) 

45/10 (1.5), 54/12 (1.5), 63/14 (1.5) 

72/16 (1.5), 75/10 (2.5) 

36/12(1), 42/14 (1), 48/16 (1) 

60/10 (2), 72/12 (1) 

12/10 (0.4), 15/10 (0.5), 18/14 (0.429) 

18/16 (0.375), 24/16 (0.5) 

12/10 (0.4), 15/10 (0.5), 15/14 (0.357) 

18/14 (0.429), 18/16 (0.375), 24/16 (0.5) 

6.3.3 O p t i m a l slot-pole combinat ion 

The results are structured b y the parameters i n the relevant tables, where the gray areas are 
non-tested configurations. The qual i ty of each tested configurat ion's parameter is also depicted 
b y the color of the cel l (correlation), w i t h the d i s p l a y e d objective va lue . 
The first objective is the average torque T a n d the results are l is ted i n Table 6.4. There are g o o d 
results be tween the 36 a n d 60 slots, w h i l e the highest average torque, T = 3198 N m , is f o u n d 
i n the F S D W 45/10 combinat ion . Other s o l i d results are f o u n d i n F S D W a n d I S W combinat ions 
i n the range of be tween 68.6 a n d 90.5 % of the torque d e v e l o p e d b y the S P M machine . A m o n g 
the F S C W - S L a n d F S C W - D L combinat ions the d e v e l o p e d torque is i n the l o w e r range f r o m 
49.7 to 72.8 %. In [190] is i m p l i e d that the torque difference be tween R E a n d ferrite machines is 
a r o u n d 20 %. The presented c o m p a r i s o n demonstrates a smaller torque difference than f o u n d i n 
the [190], this c o u l d be expla ined b y a different p o w e r a n d speed i n b o t h comparisons (in [190] 
b o t h are conventional) . 

The results for the T R objective are depicted i n Table 6.5. The correlated results are suggest ing 
two approaches, that the designer c o u l d take i n order to achieve a l o w T R des ign. The first is to 
take a rather c o n v e n t i o n a l a p p r o a c h a n d choose the h i g h e r q n u m b e r (higher n u m b e r of slots 
a n d l o w e r n u m b e r of poles) , w h i c h w i l l result i n s lot-pole c o m b i n a t i o n , w h e r e the w o r k i n g 
h a r m o n i c of the system is ident ica l w i t h the first h a r m o n i c . The n u m b e r of pole-pairs of such a 
combinat ion is corresponding w i t h the n u m b e r of co i l groups i n the stator. The second approach 
w o u l d l ead the designer to less c o n v e n t i o n a l conf igurat ions , w h e r e the n u m b e r of c o i l g r o u p s 
is different f r o m the n u m b e r of p o l e pa irs . The n u m b e r of c o i l g r o u p s is l o w e r than the pole 
pairs , therefore the rotor first h a r m o n i c has to w o r k o n h igher stator h a r m o n i c s . For example , 
the 18/16 combinat ion has 2 co i l groups a n d 8 pole pairs , therefore the rotor 's first h a r m o n i c has 
to "cooperate" w i t h the stator's f o u r t h h a r m o n i c , w h i c h c o u l d be l o w e r than the first h a r m o n i c , 

F S D W 

ISW 

F S C W - S L 

F S C W - D L 
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Table 6.4: H T - F A S R m e a n v a l u e of the electromagnetic torque, w h i l e the same conf igurat ions 
of the F S C W - S L a n d F S C W - D L w i n d i n g are present, the S L var iant is above the D L va lue . 

Number of poles 

Slots 12 15 1 8 24 3 6 4 2 45 4 8 5 4 60 6 3 72 75 

1 0 
1 8 4 4 

1 7 6 5 
2 3 0 6 3 1 9 8 2 9 8 0 2 4 2 4 

12 1 7 5 7 2 9 9 4 2 7 5 6 2 5 9 1 

14 2 2 3 5 
2 0 5 2 

1 9 0 1 
2 5 9 9 2 4 5 5 

1 6 
2 5 7 5 2 4 3 2 

3 1 6 7 2 5 6 2 1 6 
2 3 6 9 1 9 7 1 

3 1 6 7 2 5 6 2 

resu l t ing i n the electromagnetic torque. Th is w o u l d also e x p l a i n the re la t ive ly w e a k average 
torque i n the first c o m p a r i s o n . 
A n i m p o r t a n t t h i n g to m e n t i o n r e g a r d i n g the T R c o m p a r i s o n is , that the results are h i g h l y 
dependent o n the rotor topology, most ly o n the posi t ions of the f lux-barrier ends as presented i n 
[191]. Therefore, as ment ioned i n the in t roduct ion of the compar i son , the geometry o p t i m i z a t i o n 
w o u l d m a k e this c o m p a r i s o n fairer a n d the differences c o u l d be leve led . O n the other h a n d , 
the h igher T R values above 20 % c o u l d be w i t h h igher probab i l i ty caused b y the b a d slot-poles 
combinat ions rather than b y the n o n - o p t i m i z e d geometry ( w i t h the except ion of the barr ier 
count). 

Table 6.5: H T - F A S R T R c o m p a r i s o n , w h i l e the same configurat ions of the F S C W - S L a n d F S C W -
D L w i n d i n g are present, the S L var iant is above the D L va lue . 

Number of poles 

Slots 12 15 18 2 4 3 6 4 2 45 4 8 5 4 60 6 3 72 75 

10 
11 .79 

14 .58 
20 .92 10 .51 8 .44 4 . 4 3 

12 16 .34 2 4 . 2 1 4 . 0 2 4 5 . 8 2 

14 3 .24 
3 .89 

4 . 2 8 
24 .76 11 .03 

16 
4 .49 14 .26 

22 .71 3 .204 16 
3 . 1 3 18 .58 

22 .71 3 .204 

A s the last considered objective is the machine £ presented. The saliency is def ined i n equa­
t ion (6.10) as the inductances rat io be tween the d-axis a n d 17-axis. A d e s i g n g o a l is i n a case 
of I P M machines to m a x i m i z e the m a c h i n e saliency, that c o u l d l ead to the r e d u c t i o n of a P M 
a m o u n t to achieve the same torque. The sal iency ratio £ is m o s t l y f o u n d comfor tab ly above 1 
w i t h few exceptions f o u n d i n F S C W - S L a n d I S W w i n d i n g s . The best results are most ly f o u n d i n 
F S D W a n d I S W w i n d i n g s , w h i l e the best one is f o u n d i n 60/10 c o m b i n a t i o n w i t h the sal iency 
ratio £ = 5.841. There is n o v i s ib le corre lat ion i n the results w i t h i n the poles a n d i n every pole 
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combinat ion the relat ively g o o d results are f o u n d ( w i t h £ above 3.5). A l l results are depic ted i n 
Table 6.6. 

Table 6.6: H T - F A S R saliency ratio, w h i l e the same configurations of the F S C W - S L a n d F S C W - D L 
w i n d i n g are present, the S L var iant is above the D L va lue . 

Number of poles 

Slots 12 15 18 2 4 3 6 4 2 45 4 8 5 4 60 6 3 72 75 

10 
5 .521 

2 . 4 1 3 
2 .347 3 .039 5 .841 3 .09 

12 2 .434 2 .242 4 . 9 3 4 2 .141 

14 1 .486 
2 . 3 1 5 

3 .694 
1 .639 2 . 6 5 3 

16 
3 .604 1 .302 

5 .294 2 .209 16 
4 . 3 5 9 3 .741 

5 .294 2 .209 

F o l l o w i n g the logic steps a n d u n d e r s t a n d i n g of the S y n R e l machines w o u l d l ead to the 
conclus ion, that the h i g h saliency ratio has to lead to the higher p o r t i o n of the torque deve lope d 
b y the machine £. The reluctance torque ratio coefficient w a s therefore stated i n (6.9) to support 
a n d to offer s i m p l e a mathemat i ca l express ion for this c l a i m . In Table 6.7 are the kK\ ratios for 
a l l w i n d i n g combinat ions l is ted a n d correlated. 

Table 6.7: H T - F A S R £, w h i l e the same conf igurat ions of the F S C W - S L a n d F S C W - D L w i n d i n g 
are present, the SL var iant is above the D L va lue . 

Number of poles 

Slots 12 15 18 2 4 3 6 4 2 45 4 8 54 6 0 6 3 72 75 

10 
0 .382 

0 . 4 2 7 
0 .402 0 .874 0 . 4 7 7 0 . 5 7 7 

12 0 .444 0 .442 0 .280 0 .281 

14 0 . 2 3 0 
0 .533 

0 .632 
0 . 4 3 9 0 .365 

16 
0 .452 0 .427 

0 .423 0 .225 16 
0 . 3 1 7 0 .406 

0 .423 0 .225 

Interestingly there is n o v i s i b l e corre la t ion b e t w e e n the Table 6.6 a n d Table 6.7 at a l l . Re la ­
t ively h i g h saliency ratios (e.g. 18/14 D L version) lead to one of the highest torque ratios, w h i l e 
the best sal iency rat io f o u n d i n 60/10 c o m b i n a t i o n l ead to a mediocre kie\. A s a n explanat ion 
c o u l d serve the possible h i g h P M - f l u x , the w i n d i n g combinat ion , a n d the influence of the w i n d ­
i n g factors. Therefore the c o m p a r i s o n of w i n d i n g factors as depicted i n Table 6.8 to support such 
a c l a i m . 

E v e n if the w i n d i n g factor influence is considered, there is s t i l l no relat ion f o u n d between the 
sal iency ratio a n d the a m o u n t of the reluctance torque difference, therefore it can be exp la ined 



P M A S R design 53 

Table 6.8: W i n d i n g factor c o m p a r i s o n of tested w i n d i n g combinat ions f r o m Emetor tool [192] 

Number of poles 

Slots 12 15 18 2 4 3 6 4 2 45 4 8 5 4 60 6 3 72 75 

10 
0 . 9 6 6 

0 . 9 3 3 
0 . 8 6 6 0 . 9 4 5 0 . 9 6 6 0 . 9 5 1 

12 0 . 8 6 6 1 0 . 9 4 5 0 . 9 6 6 

14 0 . 9 5 1 
0 . 9 0 2 

0 . 9 0 2 
1 0 . 9 4 5 

16 
0 . 9 4 5 0 . 8 6 6 

1 0 . 9 4 5 16 
0 . 9 4 5 0 . 8 6 6 

1 0 . 9 4 5 

b y the different sui tabi l i ty of the w i n d i n g conf igurat ion for such an appl icat ion . The highest kK\ 
is f o u n d i n the 45/10 combinat ion w h i l e a l l other combinat ions del iver less than 65 % reluctance 
torque i n the total electromagnetic torque. 
The most favorable w i n d i n g conf igurat ions f r o m each w i n d i n g type w e r e selected a n d their 
toque behavior w a s depic ted i n F igure 6.4. 
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Figure 6.4: Torque behavior of the best geometries f r o m each w i n d i n g category. 

A f t e r this compar i son , the t w o decisions were settled. The first one was , that o n l y the F S C W -
S L w i n d i n g w i l l be considered for further des ign o p t i m i z a t i o n . The second one w a s to consider 
the var ie ty of poles i n the c o m p a r i s o n a l o n g w i t h the t i m e - c o n s u m i n g o p t i m i z a t i o n process 
d e m a n d taken into a n account. 
Therefore the four w i n d i n g combinat ions were i n i t i a l l y considered: 

• F S C W - S L w i t h 18 slots a n d 16 poles . 
• F S D W w i n d i n g s w i t h 45 slots, 10 poles a n d 54 slots, 12 poles. 
• I S W w i t h 60 slots a n d 10 poles. 
The characteristics of these chosen o p t i m i z a t i o n candidates are d e p i c t e d i n Table 6.9 be­

l o w . Le t us note, that n o n e of these machines has been o p t i m i z e d b y the O A . The mechanica l 
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Table 6.9: C o m p a r i s o n of the H T - F A S R machines w i t h F S D W , I S W a n d F S C W - S L w i n d i n g s 

Model/Objective FSDW1 FSDW2 ISW FSCW-SL 

N u m b e r of slots 54 45 60 18 
N u m b e r of poles 12 10 10 16 
N u m b e r of stator c o i l turns 40 40 60 80 
Phase current, A 53.0 24.8 22.6 93.1 
M a g n e t o - m o t i v e force, A 15271 13580 15820 22344 
Stator outer diameter, m m 584 584 584 584 
Stator inner diameter, m m 485 485 485 470 
Stator a n d rotor stack lengths, m m 374 374 374 374 
Electromagnetic torque, N m 3642.7 3615.6 3528.1 3575.7 
Torque r i p p l e , % 6.0 9.4 7.9 5.7 
Efficiency, % 84.4 83.0 82.9 78.7 

Joule losses, W 9163.9 10392.5 10071.8 13415.5 
Core loss, W 840.0 672.0 805.5 1224.3 
Phase voltage, V 176.8 183.0 169.2 170.3 
P M area, m m 2 27860 25093 25093 40877 

losses were est imated as 1 % of the output power , as stated i n [18]. The cross-sections of chosen 
machines are depic ted i n F igure 6.5. 

c) F S D W 2 d) ISW 

Figure 6.5: Cross-sect ion of the c o m p a r e d machines 
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7 I Design optimization 

This chapter presents the design optimization of three kinds. The first optimization demonstration 
will be focused on the comparison of two optimization techniques - the preference based and Ideal multi-
objective optimization, tested on two optimization algorithms - the self-organizing migrating algorithm 
and the genetic algorithm. The second demonstration will be on the previously selected candidates and 
this optimization will be focused solely on the efficiency and torque ripple. The third optimization will be 
focused on efficiency and cost, not as an objective, but rather by defining optimization constraints, that 
are assumed to decrease the manufacturing cost. 

7.1 Introduction 

In order to s i m p l i f y the e v a l u a t i o n a n d o p t i m i z e the ca lcula t ion process (shorten the c o m ­
p u t a t i o n t ime) is to reduce the n u m b e r of elements i n the m o d e l . The p o r t i o n of the m o d e l , 
that is eva luated is g u i d e d b y the p e r i o d i c c o n d i t i o n . Th is c o n d i t i o n is a s s u m i n g the f i e l d cor­
respondence b e t w e e n t w o b o u n d a r y l ines (usual ly two) of the m o d e l , w h i l e one is chosen as 
the "Master " ( p r i m a r y line) a n d the other one as the "Slave" (secondary l ine). These condi t ions 
are a s s u m i n g some k i n d of repeti t ion a n d the evaluated results are m u l t i p l i e d b y the n u m b e r of 
fractions (a p o r t i o n of the f u l l model ) i n the f u l l m o d e l . The e v e n a n d o d d p e r i o d i c i t y w i t h the 
h igh l ighted b o u n d a r y l ines are presented o n a synchronous reluctance motor i n Figure 7.1 [193]. 

D u e to the further m o d e l s i m p l i f i c a t i o n , therefore r a d i c a l l y decreasing the r e q u i r e d o p t i ­
m i z a t i o n t ime, o n l y the s ignif icant parts f r o m the E M perspect ive are m o d e l e d (the stator a n d 
the rotor) w i t h o u t any mechanical or manufac tur ing modif icat ions . These modif icat ions w i l l be 
i n c l u d e d i n the f ina l machine m o d e l . 

a) Even periodicity b) O d d periodicity 

Figure 7.1: E x a m p l e s of a p e r i o d i c i t y o n synchronous reluctance m o t o r [193] 
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7.1.1 O p t i m i z a t i o n w o r k flow 

The o p t i m i z a t i o n a l g o r i t h m w o r k f l o w is v e r y s i m p l e a n d effective. The w h o l e a lgor i thms 
are w r i t t e n i n the P y t h o n p r o g r a m m i n g language for m u l t i p l e reasons. The first one is , that 
this language introduces v a r i o u s l ibrar ies ( in P y t h o n t e r m i n o l o g y ca l led m o d u l e s ) that he lps 
programmers to use e.g. mathematical operations effectively a n d to export data to external files. 
The general f low, that is u s e d i n a l l a lgor i thms i n this thesis is presented i n F igure 7.2. 

E x c e l 

• A l g o r i t h m p a r a m e t e r i n i t i a l i z a t i o n 

• W e i g h t coefficients d e f i n i t i o n 

^ O p t i m i z e d p a r a m e t e r b o u n d a r i e s j 

P y t h o n 

L o a d i n i t i a l p o p u l a t i o n or generate 

n e w one 

G e n e r a t e i n p u t d a t a for A n s y s 

Process d a t a f r o m A n s y s 

G e n e r a t e n e w p o p u l a t i o n s 

E x p o r t results to E x c e l i 

A n s y s 

• C r e a t e 2 D F E A m o d e l w i t h g i v e n 

p a r a m e t e r s 

• F i n d o p t i m a l current angle 

• S e n d e v a l u a t e d characters t ics back 

t o the o p t i m i z a t i o n 

P o s t - p r o c e s s i n g 

• D o n e i n e i ther E x c e l or P y t h o n 
V J 

Figure 7.2: O p t i m i z a t i o n w o r k f l o w 

The p a r a l l e l calculat ions are i n c l u d e d i n the c o m p u t a t i o n procedure , w h i l e the E x c e l file 
c o m m u n i c a t i o n is u s e d for easier v i s u a l i z a t i o n a n d post -process ing of the data. The current 
angle is invest igated between 40 a n d 60 °el, where the current angles for the n o n - o p t i m a l models 
are f o u n d . 
The m a i n p r o b l e m of the P B M O O o p t i m i z a t i o n process comes f r o m the p r i n c i p l e of the w e i g h t 
coefficients i n i t i a l i z a t i o n . In order to m a k e a c o m p a r i s o n w i t h the i d e a l M O O procedure more 
fair, it is convenient to assign weight coefficients w i t h the same va lue , to " d r a w " the o p t i m i z a t i o n 
a i m equal ly to a l l objectives. 

7.2 Preference based versus Ideal multi-objective optimization 

The p u r p o s e of this chapter is to demonstrate o n the electrical m a c h i n e o p t i m i z a t i o n the 
c l a i m g i v e n i n chapter 5. The c l a i m stated, that despite u s i n g the same o p t i m i z a t i o n a l g o r i t h m 
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o n the same o p t i m i z a t i o n p r o b l e m , the technique (the P B M O O a n d I M O O ) makes a s ignif ­
icant difference i n searching for a n o p t i m a l s o l u t i o n . Therefore t w o a lgor i thms , S O M A a n d 
G A , because they can be f o u n d i n b o t h the P B M O O a n d I M O O var iants , were chosen for the 
demonstrat ion . The I S W chosen candidate f r o m the p r e v i o u s chapter w a s chosen, because it is 
the least computa t iona l ly d e m a n d i n g m o d e l of a l l the chosen w i n d i n g combinat ions (using the 
s y m m e t r y o n l y 1 / 1 0 f ract ion of the machine is evaluated). The water coo l ing w i l l be considered 
i n this o p t i m i z a t i o n a n d w i l l l i m i t the stator outer d iameter f r o m the p r e v i o u s l y cons idered 
diameter i n the c o m p a r i s o n (584 m m ) to 627 m m w i t h the coo l ing . 
F r o m a l l four a lgor i thms, one o p t i m a l so lut ion w i l l be chosen. In the case of the P B M O O s i m p l y 
as a s o l u t i o n w i t h the (opt imal ly) lowest cost f u n c t i o n v a l u e a n d f r o m the I M O O the dec i s ion 
w i l l be done b y the designer w i t h the i d e a l c o m p r o m i s e a l o n g w i t h the i m p o r t a n t objectives. 
The objectives w e r e chosen - the average torque, T R a n d the cos q>. The T R is d e f i n e d b y the 
(7.1): 

TR = 50 - 2 ^ , (7.1) 

, where the T m a x a n d T m i n are the m a x i m u m a n d m i n i m u m va lue of the d e v e l o p e d torque. The 
t h i r d objective, cos q>, is de f ined b y the (7.2): 

u(t)-i(t) ,„„, 
cos<p = w y , (7.2) 

, w h e r e the u(t) a n d i(t) are the instantaneous va lues of the voltages a n d currents , I T r m s a n d 
J r m s are the effective values of the same voltage a n d current w a v e f o r m s . 
The P B M O O m e t h o d o p t i m i z a t i o n results w i l l be i m p l e m e n t e d as the cost f u n c t i o n v a l u e de­
v e l o p m e n t over the i terations, w h i l e the I M O O w i l l be interpreted w i t h PFs . Since the terms 
m i g r a t i o n a n d generat ion are i n the G A a n d S O M A a lgor i thms dif ferent ly s i z e d (generation is 
the size of the w h o l e p o p u l a t i o n a n d m i g r a t i o n has the size of the w h o l e p o p u l a t i o n besides the 
leader m u l t i p l i e d b y the n u m b e r of steps of each m i g r a t i n g i n d i v i d u a l ) , a n d the t ime to p e r f o r m 
the o p t i m i z a t i o n is different as w e l l , the x-axis w i l l be labeled w i t h the F F E . 
The first tested scenario is the o p t i m i z a t i o n of a l l the rotor parameters w i t h o u t a n y stator p a ­
rameters. The o p t i m i z e d parameters boundar ies a n d the O A parameters in i t ia l iza t ion are l isted 
i n Table 7.1 a n d Table 7.2 respectively. 

Table 7.1: O p t i m i z e d parameters ranges first scenario 

Parameter F lux-barr ier 1 F lux-barr ier 2 F lux-barr ier 3 

M W i d t h _ r a t i o , - 0 . 2 ^ 0.85 0 . 2 ^ 0.85 0 . 2 ^ 0.85 

M T h i c k _ r a t i o , - 0.2^ -0.5 0.2^ -0.5 0.2^ -0.5 

SThick_rat io , - 0.2^ -0.5 0.2^ -0.5 0.2^ -0.5 

Barrier_offset, m m - 5 ^ 5 - 5 ^ 5 - 5 ^ 5 

Barr ier_angle , d e g 10-= -22 - 3 ^ 3 - 3 ^ 3 

Bot tom_radius , m m 165-= -190 

The P B M O O a n d I M O O a lgor i thms w i l l be c o m p a r e d to each other - the M O S O M A w i t h 
the N S G A - I I a n d the S O M A w i t h the G A . The o p t i m i z a t i o n results are f itted into the f igures i n 
F igure 7.3 i n a f o r m suitable to the o p t i m i z a t i o n technique. E a c h O A m e t h o d f igure is depic ted 
w i t h the o p t i m a l geometries cross-section for a direct results c o m p a r i s o n . The cross-sections 
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Table 7.2: O A parameters in i t i a l i za t ion 

(a) 

O A / P a r a m e t e r S O M A M O S O M A N o t e . 

|P(1)I 50 50 Ini t ia l p o p u l a t i o n 

T - 15 M i g r a t i n g agents (in the S O M A a l l members) 

ST 20 10 N u m b e r of steps taken d u r i n g the m i g r a t i o n 

PL 2.1 1.7 M i g r a t i n g p a t h length 

PRT 0.3 0.1 Per turbat ion 

F F E 20,000 20,000 N u m b e r of the fitness f u n c t i o n evaluat ions 

(b) 

O A / P a r a m e t e r G A N S G A - I I N o t e . 

|P(1)I 50 50 Init ial p o p u l a t i o n 

Crossover 0.5 0.5 -
M u t a t i o n rate 0.2 0.2 -
F F E 20,000 20,000 N u m b e r of the fitness f u n c t i o n evaluat ions 

are depic ted w i t h o u t the c o o l i n g holes due to the spec ia l c o o l i n g arrangement , that cannot be 
presented to protect the B a u m i i l l e r p r o d u c t des ign . The m o d e l has the same current l o a d i n g to 
have the P B M O O fair c o m p a r i s o n the l o a d i n g w a s set b y the N S G A - I I m o d e l w h e r e the best 
s o l u t i o n is f o u n d . 

The o p t i m i z e d results f r o m the P B V are depicted as a deve lopment of the cost funct ion va lue 
over the i n d i v i d u a l count , whereas the I M O O a l g o r i t h m s f igure depic t d i s t r i b u t e d solut ions 
i n the objective space. The o p t i m a l so lut ions are h i g h l i g h t e d i n a l l f igures w i t h the v a l u e of 
the c o r r e s p o n d i n g objective. The G A a l g o r i t h m c h a n g e d the "leader"/best m e m b e r after each 
generat ion, w h i l e the S O M A does the same after the w h o l e m i g r a t i o n , w h i c h is the reason for 
the v is ib le cost values steps i n the f igure. 
A l l a lgor i thms except the S O M A a l g o r i t h m evaluated 20,000 F F E , the S O M A a l g o r i t h m met 
the convergence cr i ter ia sooner, therefore the a l g o r i t h m f in i shed . The results c lear ly s h o w the 
advantage of the I M O O o p t i m i z a t i o n procedures over the P B M O O approach. B o t h of the I M O O 
a lgor i thms suff ic ient ly f o u n d solut ions , that meet the des i red objectives, w h i l e the N S G A - I I 
a l g o r i t h m del ivers evenly dis t r ibuted solutions o n a n d between the P F . The P B M O O algor i thms 
fa i l ed to f i n d a n o p t i m a l s o l u t i o n i n this a p p l i c a t i o n , the reason c o u l d be the h i g h n u m b e r of 
o p t i m i z e d parameters, w h i c h o b v i o u s l y favors the I M O O solvers. 
In the case of the G A a l g o r i t h m , the m o d e l w i t h the lowest cost v a l u e w a s not chosen as the 
o p t i m a l s o l u t i o n , b u t the m o d e l w i t h the h igher average torque a n d the h igher T R w a s chosen 
instead. In the S O M A a l g o r i t h m w a s this "poss ib i l i ty" w a s not benef ic ial , therefore the o p t i m a l 
so lut ion w a s used i n the further compar i son . This m a n u a l process o n l y proves the disadvantage 
p o i n t e d out i n the p r e v i o u s chapter, that the o p t i m a l s o l u t i o n c l a i m e d b y the a l g o r i t h m does 
not have to be the same o p t i m a l s o l u t i o n that the user wants . 
The more t h o r o u g h c o m p a r i s o n of the o p t i m a l solut ions is l i s ted i n Table 7.3. 

A s it is v is ib le f r o m the table, the best so lut ion w a s clearly f o u n d b y the N S G A - I I a lgor i thm, 
c losely f o l l o w e d b y the M O S O M A s o l u t i o n a n d then the b y the user-chosen G A m o d e l . The 
S O M A a l g o r i t h m , as stated above, f o u n d p o o r results w i t h i n the set of o p t i m i z a t i o n boundaries . 
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Figure 7.3: C o m p a r i s o n of a) S O M A , b) G A , c) M O S O M A a n d d) N S G A - I I o p t i m i z a t i o n output 
c o m p a r i s o n 

Table 7.3: C o m p a r i s o n of S O M A , G A , M O S O M A a n d N S G A - I I o p t i m a l solut ions 

Model/Objective 
Electromagnetic torque, N m 
Speed, r p m 
Electromagnetic p o w e r , k W 
Torque r i p p l e , % 
Efficiency, % 
P o w e r factor, -
Joule losses, W 
Core loss, W 
Phase voltage, V 
Inductance i n ^-axis, m H 
Inductance i n d-axis, m H 
M a g n e t i c saliency, -
Total l ine- l ine voltage h a r m o n i c d is tor t ion , % 
P M area, m m 2 

G A S O M A N S G A - I I M O S O M A 

3397.0 3106.5 3601.5 3505.4 

150 150 150 150 
53.4 48.8 56.6 55.1 
13.19 8.71 11.11 10.45 
84.83 83.88 85.64 85.20 
0.84 0.77 0.88 0.87 

8075.9 8075.9 8075.9 8075.9 
937.7 811.9 851.2 947.7 
191.24 190.17 191.38 189.74 
16.13 13.46 18.33 17.58 
38.39 37.81 38.35 38.07 
2.38 2.81 2.09 2.17 
6.25 4.32 7.39 7.58 

26442 25297 36259 30525 

The best s o l u t i o n f o u n d b y the N S G A - I I is p r o b a b l y caused b y the h igher a m o u n t of the P M s 
a n d the h igher poss ib le P M - t o r q u e i n the m o d e l , because of the m o d e l lowest £. The other 
models have a higher £ due to the l o w e r inductance i n the ^-axis, the d-axis inductance a n d the 
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saliency £ are f o u n d i n the c o m p a r i s o n almost ident ica l i n a l l models . D u e to the highest torque 
d e v e l o p e d i n the N S G A - I I o p t i m i z e d m o d e l outper forms this s o l u t i o n a n d the others also i n 
the efficiency a n d the cos q> objectives. 
The w o r s t S O M A results c o u l d be p o s s i b l y caused b y the v e r y h i g h (16) n u m b e r of o p t i m i z e d 
parameters , w h i c h p r o b a b l y caused the a l g o r i t h m to f i n d o n l y a l o c a l o p t i m u m instead of the 
global one. It is v i t a l to say, that due to the unsatisfactory results the P B M O O algor i thms h a d to 
r u n m u l t i p l e t imes to reach s imi lar results as its I M O O competitors. This fact also speaks for the 
favor of the I M O O a lgor i thms , that p e r f o r m e d v e r y w e l l i n this scenario a n d the results l i s ted 
i n Table 7.3 were f o u n d i n the first a lgor i thms r u n . 

7.3 IMOO of chosen PMASR geometries 

The p r e v i o u s chapter dealt w i t h the o p t i m a l s lot-pole combinat ions for the chosen P M A S R 
appl ica t ion . Th is o p t i m i z a t i o n serves the p u r p o s e of d e s i g n i n g the machine w i t h i n the l i m i t e d 
v o l u m e . The four mode ls , that were chosen are: 

• 60 slots, 10 poles 
• 45 slots, 10 poles 
• 54 slots, 12 poles 
• 18 slots, 16 poles 
In contrast to the p r e v i o u s section, w h e r e o n l y the rotor parameters were o p t i m i z e d , also 

the stator parameters are i n c l u d e d i n the process. Stator parameters that were n e w l y in t roduced 
were - the stator inner diameter, the tooth w i d t h , a n d the stator yoke height. D u e to the l i n k i n g 
of the rotor geometry parameters w i t h the m a i n rotor d i m e n s i o n s a n d poles , the parameter 
b o u n d a r i e s r e m a i n ident i ca l throughout the s lot-pole c o m b i n a t i o n . The last c r u c i a l parameter, 
that w a s not l i n k e d to the other geometry parameters w a s the b o t t o m radius . Th is parameter 
w i l l be changed according to the stator inner diameter a n d the contro l l ing parameters. Therefore 
the stator o p t i m i z e d parameters (kx ratios) a n d the b o t t o m radius w i l l be l i n k e d w i t h the other 
d imens ions i n the f o l l o w i n g equations (7.3), (7.4), (7.5) a n d (7.6): 

Stator in 

'slot 

*t"t — r , _, _.. _ .., (7-3) 

• hslot (7.4) 

Stator _out 

Stator out — Stator in 

2 • pi • Slot_radius , 
waat = A T i , kslot (7.5 

N_slot 

Bottom_radius = fcbot • (Statorjn — Airgap). (7.6) 

W h e r e the Stator_in, Stator_out are the stator inner a n d outer diameters respect ively a n d 
the /Zyoke is the y o k e height . The N_slot is the n u m b e r of slots a n d the Slot_radius is the r a d i u s 
at the b o t t o m of the slot (stator inner radius c o m b i n e d w i t h the slot o p e n i n g height). The Airgap 
is the r a d i a l l ength of the gap of air be tween the stator a n d the rotor. The ratios kstat/ khs\oi, ks\oi 

a n d fcbot a r e parameters i n the range between 0 1 d e f i n i n g the other stator d imens ions . Since 
the current m o d e l setup w o u l d l e a d to m a x i m i z i n g the stator core area ( leading to the lowest 
magnet ic reluctance) a n d m i n i m i z i n g the slot area, it is necessary to m o d i f y it. The dec is ion , 
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that w a s taken is to f ix the slot current densi ty to the m a x i m a l possible current densi ty l i m i t e d 
b y the water -coo l ing (7.5 A / m m 2 ) . 
D u e to u s i n g the d imens ionless coefficients, the o p t i m i z e d m a c h i n e parameters are the same 
for a l l s lot-pole combinat ions , as depic ted i n Table 7.4. 

Table 7.4: O p t i m i z e d parameters ranges, second scenario 

Parameter F lux-barr ier 1 F lux-barr ier 2 F lux-barr ier 3 

M W i d t h _ r a t i o , - 0 . 2 ^ 0.85 0 . 2 ^ 0.85 0 . 2 ^ 0.85 

M T h i c k _ r a t i o , - 0 . 2 ^ 0.85 0 . 2 ^ 0.85 0 . 2 ^ 0.85 

SThick_rat io , - 0 . 2 ^ 0.85 0 . 2 ^ 0.85 0 . 2 ^ 0.85 

Barrier_offset, m m - 3 ^ 3 - 3 ^ 3 - 3 ^ 3 

Barr ier_angle , deg 10-i r 2 2 - 3 ^ 3 - 3 ^ 3 

k_bot , -

k_slot , -

k_hslot , -

k_stat, -

M a i n d imens ions 

0.75 -=- 0.85 

0 . 4 ^ 0 . 7 

0 . 5 ^ 0 . 9 

0.6^-0.8 

Because of the r e q u i r e d o p t i m i z a t i o n p o w e r a n d the insuf f ic iency of the M O S O M A i n the 
prev ious o p t i m i z a t i o n case a n d a n even h igher n u m b e r of o p t i m i z e d parameters the slot-poles 
combinat ion w a s o p t i m i z e d o n l y b y the N S G A - I I a l g o r i t h m . Espec ia l ly i n the case of the 18/16 
slot-pole combinat ion the required o p t i m i z a t i o n p o w e r a n d the t ime increase to near ly a m o n t h 
of o p t i m i z a t i o n of 20,000 F F E s , w h i c h w o u l d d r a m a t i c a l l y increase the c o m p a r i s o n t ime de­
m a n d s . 

7.3.1 O p t i m i z a t i o n objectives and conditions 

The objectives es t imat ion w i l l be based o n non- l inear transient F E A calculat ions of the 
P M A S R i n the steady-state operat ion due to the use of the A C d r i v e for a s m o o t h start-up opera­
t ion. The o p t i m i z a t i o n objectives were chosen based o n the important performance parameters 
i n the steady-state operat ion - the electromagnetic torque, the electromagnetic efficiency, the TR, 
a n d the cos q>. 
The first objective is def ined as the o u t p u t electromagnetic p o w e r d i v i d e d b y the i n p u t electric 
power . 

" = 1 0 0 > 2 + P o , + flL + o.oi.ft)- (77> 
, where the P i is the i n p u t electrical p o w e r a n d the Vi is the output electromagnetic power . The 
i r o n losses are increased b y the coefficient respect ing the m a n u f a c t u r i n g inf luence , s u c h as a 
laser cut t ing stress i n d u c t i o n or a p u n c h i n g stress e m p i r i c a l l y est imated to 1.5, expla ined more 
t h o r o u g h i n [18]. A s the second objective, the T R is eva luated f r o m the torque characteristics 
u s i n g (7.1). The t h i r d objective that w i l l be taken into account is the cos q>, d e f i n e d s i m i l a r l y as 
i n the p r e v i o u s scenario b y the equat ion (7.2). 
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7.3.2 O p t i m i z a t i o n results 

E a c h o p t i m i z e d result w i l l be presented i n t w o f igures, thus the eight f igures i n total . The 
first set of subfigures i n F igure 7.4 depicts the electromagnetic torque versus the T R versus the 
efficiency objective space w i t h the P F . The three geometries f r o m the P F , a m e m b e r w i t h the 
lowest T R , w i t h the highest T R a n d the m e m b e r w h e r e the c o m p r o m i s e is met are h i g h l i g h t e d . 
A l o n g w i t h the h i g h l i g h t e d po in ts (bigger markers) are geometry minia tures presented to see 
the t rend that is r e q u i r e d to m i n i m i z e or m a x i m i z e one objective. The eff iciency objective is i n 
the 2 D figure depic ted b y the m a r k e r gradient color. 
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Figure 7.4: The first set of the P F of the o p t i m i z e d s lot-pole combinat ions a) 54 slots a n d 12 
poles, b) 45 slots a n d 10 poles , c) 60 slots a n d 10 poles d) 18 slots a n d 16 poles 

The o p t i m i z a t i o n presented some interest ing ins ight into the c o m p a r i s o n . F r o m the brief 
"first look" c o m p a r i s o n is obvious , that a l l models achieve a l o w e r T R a n d relat ively h i g h torque. 
The eff iciency objective c o m p a r i s o n is current ly not v e r y objective d u e to the s ignif icant di f ­
ference be tween the m o d e l s . The f igures are therefore d e p i c t i n g the t rend of efficiency, w h e r e 
the h i g h e r objective va lues are f o u n d close to the first P F a n d are decreasing w i t h the l o w e r 
torques. The m a x i m a l T R for the o p t i m a l m o d e l i n each s lot-pole c o m b i n a t i o n w a s l i m i t e d to 
15 %. In the case of F S D W a n d F S C W - S L models is this c o n d i t i o n satisfied even w i t h the models , 
that w e r e labe led as the "highest T R " w i t h i n the first P F . In the I S W case some " c o m p r o m i s e " 
was needed to be f o u n d , b u t because of the P F ' s shape w a s the difference be tween the "highest 
T R " a n d the o p t i m a l m o d e l torque re la t ive ly s m a l l . To the chosen m o d e l s for the c o m p a r i s o n 
w i l l be referred to as the o p t i m a l m o d e l s . C o n s i d e r i n g the same current dens i ty i n the stator 
slot the highest electromagnetic torque of the o p t i m a l m o d e l is f o u n d as the I S W m o d e l . The 
o p t i m a l m o d e l achieves 5219 N m of torque, w h i c h is about 5 % h igher t h a n the 45/10 F S D W 
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combinat ion (4958.4 N m ) , near ly 7 % than the 54/12 F S D W combinat ion (4817.7 N m ) a n d 29.1 % 
higher than the F S C W - S L (3700 N m ) . The highest efficiency is at the same current densi ty f o u n d 
i n b o t h the F S D W . The o p t i m a l m o d e l s are recalculated for the n o m i n a l torque (consider ing 
some safety m a r g i n of 200 N m ) , w h i c h is achieved b y the F S C W - S L m o d e l i n the o p t i m i z a t i o n . 
The different shapes of the geometries o n the first P F are f o u n d i n a l l I S W a n d F S D W o p t i m i z a ­
tions due to b o t h the reluctance torque a n d the P M - t o r q u e c o m b i n a t i o n , that is suppressed i n 
the case of F S C W - S L models h i g h l y i n favor of the P M - t o r q u e . The models o n the first P F differ 
m a i n l y i n the stator inner diameter, f l u x - b a r r i e r / P M thicknesses, a n d i n the w i d t h of the t h i r d 
(outer) f lux-barrier , w h i c h h i g h l y influences the T R behavior . 

The second set of figures depicts s imi lar figures replac ing the efficiency w i t h the cos q> objective. 
The second set is s h o w n i n F igure 7.5. 
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Figure 7.5: The second set of P F s of the o p t i m i z e d s lot-pole combinat ions a) 54 slots a n d 12 
poles, b) 45 slots a n d 10 poles , c) 60 slots a n d 10 poles d) 18 slots a n d 16 poles 

The cos q> s h o w s a s i m i l a r t rend to the eff iciency objective. A l l the I S W a n d F S D W m o d e l s 
have a re la t ive ly h i g h cos q>, w h i l e s l ight ly h igher va lues are f o u n d i n the case of ISW. The 
l o w e r cos q> is f o u n d i n the F S C W - S L m o d e l s , because of the l o w e r £ a n d h i g h e r f u n d a m e n t a l 
w o r k i n g frequency (using the t h i r d harmonics to deve lop a electromagnetic torque, ment ioned 
i n chapter 5). The rest of the o p t i m i z e d m o d e l s have satisfactory cos q> va lues - above 0.8. 
The o p t i m a l models h a d to be recalculated, as ment ioned above, m o d i f y i n g the current densi ty 
to achieve the des i red torque. The recalculated m o d e l s a l o n g w i t h other i m p o r t a n t objectives 
are l i s ted i n Table 7.5. To differ the t w o F S D W combinat ions , w i l l be to the 54/12 referred to as 
the F S D W 1 a n d to the 45/10 w i l l be labeled as the F S D W 2 . 

The table depicts o n l y the first h a r m o n i c of the s u p p l y i n g voltage, thus the reserve of near ly 
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Table 7.5: C o m p a r i s o n of H T - F A S R machines w i t h F S D W , I S W a n d F S C W - S L w i n d i n g s 

Model/Objective FSDW1 FSDW2 ISW FSCW-SL 

N u m b e r of stator co i l turns 52 60 85 80 
Phase current, A 24.88 24.72 17.85 59.49 
M a g n e t o - m o t i v e force, A 15664 14832 15190 19158 
Stator inner diameter, m m 405.2 398.3 397.3 442.4 
Electromagnetic torque, N m 3753 3726.8 3754.3 3700 
Speed, r p m 150 150 150 150 
Electromagnetic power , k W 58.95 58.54 58.97 58.13 
Torque r i p p l e , % 3.15 5.4 4.0 5.0 
Efficiency, % 89.4 89.5 90.1 84.9 
P o w e r factor, - 0.79 0.89 0.88 0.47 
Joule losses, W 8776 7963 8387 11579 
Core loss, W 791.6 811.9 513.5 1056.0 
Phase voltage, V 171.9 179.6 171.2 178.5 
Inductance i n ^-axis, m H 6.6 10.3 18.4 9.3 
Inductance i n d-axis, m H 9.5 36.5 72.0 11.9 
M a g n e t i c saliency, - 1.44 3.53 3.92 1.29 
Total l ine- l ine voltage h a r m o n i c d is tor t ion , % 4.25 7.87 6.31 26.44 
P M area, m m 2 21287 25093 26498 29850 
C o p p e r weight , k g 78.7 79.3 88.9 76.4 

50 V cons idered for the potent ia l presence of the h igher h a r m o n i c s i n the system. 
The table c o m p a r i s o n paints a better a n d broader picture of the w h o l e o p t i m i z a t i o n compar ison . 
G i v e n the same des i red torque e q u a l i t y / s i m i l a r i t y are the results m o r e comparab le a n d the 
p r e v i o u s l y estimated efficiency a n d the cos q> objectives s u d d e n l y become more objective. E v e n 
t h o u g h i n the p r e v i o u s f igures the I S W m o d e l w a s l a c k i n g b o t h the efficiency a n d the cos q> the 
m o d e l has current ly the highest eff iciency a n d a s l ight ly l o w e r cos q> a n d has the lowest T H D . 
The cons for s u c h geometries c o u l d be cons idered a re la t ive ly h i g h e r a m o u n t of copper a n d 
magnets, w h i c h c o u l d lead to the potent ia l ly h igher price . 
The F S C W - S L m o d e l b r i n g s the w o r s t per formance into the c o m p a r i s o n . A s the biggest d i s a d ­
vantage is the efficiency, w h i c h is a lmost m o r e than 5 % l o w e r than f o u n d i n the other m o d e l s , 
this, of course, leads to h igher losses that need to be r e m o v e d f r o m the machine b y the c o o l i n g 
w h e n d e l i v e r i n g the same o u t p u t power . The a l g o r i t h m d r a w s the F S C W - S L m o d e l to h i g h e r 
rotor outer d i m e n s i o n s increas ing not o n l y the v o l u m e of P M b u t also the rotor iner t ia . The 
other F S D W geometries introduce v e r y comparable results as the I S W counterpart . These m o d ­
els achieve a h igher cos q>, a l o w e r sal iency rat io £ w i t h a smal ler v o l u m e of P M a n d copper to 
be potent ia l ly cheaper than the I S W machine , cons ider ing o n l y these t w o commodi t ies . 

7.4 Limited optimization scenario 

In a contrast to the prev ious chapter, s h o w i n g the potent ial l imi ts of the machine f o l l o w s the 
l i m i t e d case o p t i m i z a t i o n scenario. 
The l imi ts were in t roduced after the prev ious o p t i m i z a t i o n w a s p e r f o r m e d a n d were in t roduced 
to reduce the testing prototype price . The l imi ts were as f o l l o w s : 
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• F i x e d stator to the manufacturer standards 
• F i x e d P M height 

The c o m p a n y that w a s responsible for the m a n u f a c t u r i n g w a s Baumüller . Baumüller is a G e r ­
m a n manufacturer w i t h headquarters located i n Nürnberg of fer ing the broadest p o r t f o l i o of 
electric motors b o t h w i t h or w i t h o u t the P M s . Since the Baumüller c o m p a n y produces o n l y one 
stator w i t h the same n u m b e r of slots f r o m the previous compar i son , it w a s dec ided to o p t i m i z e 
the I S W c o m b i n a t i o n c o n s i d e r i n g the l i m i t s . The c o o l i n g , that is cons idered i n the m a c h i n e 
r e m a i n e d the same as for the s tandard uni t . The Joule losses, that the c o o l i n g is sufficient to 
r e m o v e f r o m the stator were based o n the p r e v i o u s l y m a n u f a c t u r e d units a n d were s l ight ly 
(around 10%) increased to de l iver the des i red p o w e r . W i t h o u t the current increase, the di f fer­
ence compares to the in i t i a l S P M machine w o u l d be even bigger. 
The P M height h a d to be at the m o m e n t f ixed to the s tandard height due to the l i m i t e d a m o u n t 
of t ime for p r o d u c t i o n a n d other m a n u f a c t u r i n g restrictions. 
Therefore there h a d to be the n e w o p t i m i z a t i o n parameters restricted to the parameters l i s ted 
i n Table 7.6. 

Table 7.6: O p t i m i z e d parameters ranges thirds scenario 

Parameter F lux-barr ier 1 F lux-barr ier 2 F lux-barr ier 3 

M W i d t h _ r a t i o , - 0.2 - T - 0.85 0.2 - T - 0.85 0.2 - T - 0.85 

Barrier_offset, m m - 5 ^ 5 - 5 ^ 5 - 5 ^ 5 

Barr ier_angle , deg 1 0 ^ 2 2 - 3 ^ 3 - 3 ^ 3 

k j b o t , - 0.75 -=- 0.85 

Since the n u m b e r of parameters has decreased due to the l imi ta t ions , it w a s possible to use 
b o t h the M O S O M A a n d the N S G A - I I a lgor i thms . Therefore the t h i r d scenario w i l l be focused 
o n the c o m p a r i s o n of the t w o I M O O a lgor i thms w i t h a smal ler a m o u n t of parameters (10) 
c o m p a r e d to the first scenario (16). The a l g o r i t h m settings are s h o w n i n Table 7.7. 

Table 7.7: M O S O M A a n d N S G A - I I o p t i m i z a t i o n parameter values 

L a b e l M O S O M A N S G A - I I N o t e . 

|P(1)| 50 50 
r i s 
ST 10 0.5 Crossover i n N S G A - I I 
PL 1.7 
PRT 0.1 0.2 M u t a t i o n rate i n N S G A - I I 
F F E 20000 20000 

The o p t i m i z a t i o n d e l i v e r e d non-sat isfactory results r e g a r d i n g to the requirements . The o p ­
t i m i z a t i o n w a s not able to f i n d a s o l u t i o n w i t h the des i red torque a n d efficiency. The n o m i n a l 
torque h a d to be reduced to the 3390 N m at the n o m i n a l speed of 150 r p m . 
The o p t i m i z a t i o n w i t h the l i m i t e d b o u n d a r i e s f i n i s h e d w i t h the re la t ive ly g o o d results, the 
M O S O M A b e i n g faster a n d f o u n d s l i g h t l y w o r s e results, that c o n f i r m the conc lus ions d r a w n 
i n [194]. W h e n c o m p a r i n g b o t h o p t i m i z a t i o n results P F s , it is o b v i o u s , that the first P F of the 
N S G A - I I a l g o r i t h m o p t i m i z a t i o n is denser at the front a n d del ivers s l i g h t l y better results. The 
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M O S O M A has more d i s t r ibuted results over the searched space. The average torque vs . T R vs . 
efficiency figures of b o t h o p t i m i z a t i o n are s h o w n i n F igure 7.6. 
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Figure 7.6: The first set of PFs of the l i m i t e d o p t i m i z a t i o n scenario of 60 slots, 10 poles , H T - F A S R 
machine w i t h the efficiency gradient objective a) M O S O M A a n d b) N S G A - I I 

B o t h o p t i m a l so lut ions have v e r y h i g h eff iciency a n d therefore the reasonable s o l u t i o n to 
the l o w e r than the des ired torque w o u l d be to increase the stator current a n d r isk a decrease i n 
efficiency. But because of the a l ready h i g h current densi ty (increased c o m p a r e d to the o r i g i n a l 
machine) a n d therefore poss ib ly over exceeding the cool ing abilit ies w i l l not the current increase 
be cons idered i n the f o l l o w i n g analysis . The f o l l o w i n g F i g u r e 7.7 presents the average torque 
vs. T R vs . cos cp. 
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Figure 7.7: The first set of PFs of the l i m i t e d o p t i m i z a t i o n scenario of 60 slots, 10 poles , H T - F A S R 
machine w i t h the cos q> gradient objective a) M O S O M A a n d b) N S G A - I I 

The other set of P F ' s depicts v e r y s imi lar s i tuat ion to the previous compar ison . The N S G A - I I 
f o u n d the solut ions w i t h a s l ight ly higher P F , w i t h the difference b e i n g (based o n the color gra­
dient scale) l o w e r than 0.05. The chosen o p t i m a l solut ions objectives are c o m p a r e d i n Table 7.8. 

The des i red torque of 3500 N m at 150 r p m w a s not ach ieved d u e to the o p t i m i z a t i o n l i m i ­
tations, therefore the rated torque h a d to be decreased to 3395 N m at the same speed, a n d the 
o p t i m i z e d N S G A - I I . 
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Table 7.8: C o m p a r i s o n of the M O S O M A a n d N S G A - I I o p t i m a l solut ions 

Model/Objective N S G A - I I M O S O M A 

Electromagnetic torque, N m 3395 3377.5 
Speed, r p m 150 150 
Electromagnetic power , k W 53.33 53.05 
Torque r i p p l e , % 14.3 14.9 
Efficiency, % 85.09 85.03 
P o w e r factor, - 0.823 0.822 
Joule losses, W 8075.9 8075.9 
Core loss, W 739.04 737.67 
Phase voltage, V 194.1 193.8 
Inductance i n ^-axis, m H 15.5 15.5 
Inductance i n d-axis, m H 38.9 38.9 
M a g n e t i c saliency, - 2.51 2.51 
Total l ine- l ine voltage h a r m o n i c d is tor t ion , % 8.78 8.54 
P M area, m m 2 21779.5 21860.8 

7.5 Final optimized motor analysis 

The chosen o p t i m i z e d geometry w a s then a n a l y z e d more t h o r o u g h l y i n the dq-axes system. 
The a n a l y z e d characteristics w e r e d e l i v e r e d b o t h i n a w i d e range of currents a n d at the rated 
point . 

7.5.1 Dq m a p p i n g analysis 

A n d the most i m p o r t a n t m a c h i n e objectives w e r e m a p p e d to invest igate the m a c h i n e be­
h a v i o r i n the second quadrant of the d^-system. The stator current d i s t r i b u t i o n is s h o w n i n 
F igure 7.8. 
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Figure 7.8: d^-currents d i s t r i b u t i o n i n the d^-analysis 

A s the m a p p i n g objectives/characteristics it w a s d e c i d e d to choose the f o l l o w i n g : 
• Direct(d) axis inductance m a p - Lq(7<i, 7q) 
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• Q u a d r a t u r e (q) axis inductance m a p - Ld(Id, Iq) 
• Eff ic iency c o m b i n e d w i t h the torque-speed characteristic 
• Power -speed characteristic 
The first depic ted characteristics are the Ld a n d L q inductances maps o n F igure 7.9 a) a n d b) 

respectively. 

a) b) 

Figure 7.9: a) d-axis a n d b) ^-axis inductance dependences o n d- a n d ^-axis currents 

The inductance m a p resul ted i n the shape, as expected, as a c o m b i n a t i o n of the P M a n d 
S y n R e l machines w i t h the i n c l i n a t i o n t o w a r d the second m a c h i n e type. For the c o m p a r i s o n 
served the publ icat ions [195] a n d [196], where the I P M d a n d q inductances i n a m a p f o r m , S y n ­
R e l dq inductances characteristics respectively were presented. The b o t h inductances are h i g h l y 
dependent o n the currents (SynRel characteristics as presented i n [195]), but s t i l l preserving the 
I P M characteristics i n a f o r m of the concave f u n c t i o n w i t h one h i g h p o i n t i n the d a n d q axes 
intersect (both currents h a v e zero values) as s h o w n i n [196]. B o t h these inductances present a 
g o o d f l u x - w e a k e n i n g possibi l i t ies . This is presented i n F igure 7.10 i n the b o t h torque vs . speed 
i n F igure 7.10 a) a n d p o w e r vs . speed characteristics i n F igure 7.10b). 

M e c h a n i c a l speed [rpm] Mechanical speed [rpm] 

a) b) 

Figure 7.10: a) Torque-speed c o m b i n e d w i t h the efficiency m a p a n d b) the power -speed charac­
teristics of the o p t i m i z e d machine 

The presented torque-speed characteristic s h o w n , besides a relat ively g o o d f ie ld w e a k e n i n g 
possibi l i t ies , a g o o d efficiency reaching 90 % at a h igher speed. The f ie ld w e a k e n i n g starts higher 
than the rated speed, a lmost r ight w h e n the o u t p u t p o w e r reaches the (prev ious ly assumed) 
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rated p o w e r of 55 k W . The f i e l d w e a k e n i n g reg ion is i n the p o w e r - s p e e d characteristics d i s ­
tinct b y a different stroke color, i n the torque-speed characteristics b y the knee of the constant 
characteristic. 

7.5.2 Rated point analysis 

Further is the m a c h i n e behavior at the rated speed a n a l y z e d a n d d iscussed w h i l e the most 
impor tant characteristics were considered: 

• The torque behavior c o m p a r i s o n d e r i v e d b y the M a x w e l l tensor a n d the dq d e r i v e d quan­
tities 

• The P M a n d the reluctance torque parts behavior 
• The h a r m o n i c analysis of the m a x w e l l torque 
• The dq inductances behavior 
• The l ine- l ine voltages a n d their F F T analysis . 
The E M torque b e h a v i o r affects v a r i o u s m o t o r characteristics a n d a h i g h torque v a r i a t i o n 

(TR) c o u l d l ead i n certain frequencies to a decreased b e a r i n g l i fe t ime, a h igher v i b r a t i o n , or 
noise resul t ing i n a n unsat is factory a p p l i c a t i o n experience. Therefore w a s the torque analysis 
w a s p e r f o r m e d i n c l u d i n g the analysis a n d the results are depic ted i n F igure 7.11. 

The m e a n values of b o t h torque behaviors are v e r y s imi lar (3372 N m v s 3374 N m ) , but the T R 
decreased i n the torque d e r i v e d dq quantities a n d is about 9 %, w h i c h is near ly 5.5 % l o w e r than 
i n the b e h a v i o r est imated f r o m M a x w e l l tensor (14.43 %). The reluctance torque part (visible 
i n F i g u r e 7.11b) i n a b l u e stroke) has a h i g h e r m e a n v a l u e (1841 N m ) a n d is est imated b y the 
second part of equat ion 4.4 a n d has a l o w e r TR. The P M - t o r q u e w o u l d be, according to the same 
equation, constant, but for the purpose of this analysis is estimated as the difference between the 
torque estimated b y the M a x w e l l tensor a n d the reluctance torque estimated b y the inductances 
i n dq. T h u s this b e h a v i o r has a h i g h e r T R a n d a l o w e r m e a n v a l u e than the other torque part , 
the equat ion 4.4 based P M - t o r q u e is presented for c o m p a r i s o n as w e l l . 

The torque s p e c t r u m presented i n F i g u r e 7.11 c) presents the torque frequencies u p to the 5 0 t h 

order. A l l the frequencies, except the second one, are the m u l t i p l i e s of the 6 t h h a r m o n i c order, 
that is i n agreement w i t h the [18]. 
The next characteristics, that are d r a w n i n the c o m p a r i s o n are the dq inductances analys is i n 
F igure 7.12. 

The b o t h inductances behavior are inf luenced b y the slot openings a n d the resulted saliency 
is v e r y close to the sa l iency l i s ted i n Table 7.8, the s l ight nuances c o u l d be caused b y different 
time-steps, because, the f ina l analysis w a s p e r f o r m e d w i t h the shorter t ime step. 
The last analys is w a s focused o n the l ine- l ine voltages a n d their F o u r i e r analysis . B o t h these 
characteristics are s h o w n i n F igure 7.13 a) a n d b) respectively. 
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Figure 7.12: d^-inductances behavior 

The l ine- l ine voltages express a smaller d is tor t ion than the phase voltage. This is clear w h e n 
c o m p a r i n g the first h a r m o n i c s of the phase a n d the l ine- l ine voltages. In the case of the phase 
voltage (listed i n Table 7.8) the first h a r m o n i c is equal to 194.1 V a n d f r o m the Figure 7.13 the first 
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Figure 7.13: a) L i n e - l i n e voltage vs . t ime characteristics a n d b) the F F T of the l ine- l ine voltage 

l ine- l ine h a r m o n i c is 369.9 V. The "s tandard" rat io, used also i n [18], is \f?> (= 1.707), is different 
f r o m the ratio between l ine- l ine a n d phase voltage, i n this case fff^ = 1.905. The T H D is equal 
to 8.78 % w i t h the d o m i n a n t h a r m o n i c s b e i n g 5, 9 ,13 ,17 , 21, 25, 45. The 5 t h a n d 1 3 t h harmonics 
are caused b y the w i n d i n g d i s t r i b u t i o n , 9 t h a n d 2 1 t h are caused b y the rotor p o l e n u m b e r a n d 
2 5 t h w i t h 4 5 t h is caused b y the n u m b e r of co i l g roups of each phase. 
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8 Measurement 

The following chapter deals with the measurement of the high-torque ferrite assisted synchronous 
reluctance machine. The test bench with the accessories is presented along with the tested machine. The 
measured characteristics with the data are listed in the tables for different working points of the machine. 

8.1 Introduction 

T w o challenges l a i d before the H T - F A S R measurement . The first one is that based o n the 
literature research, there has been n o measurement done o n a H T - F A S R machine , or at least no 
measurement data were p u b l i s h e d . T h u s there w a s no ant ic ipat ion of the results or a test bench 
idea l conf igurat ion to p e r f o r m such a test. The second one w a s set due to the relative di f f icul ty of 
obta in ing the testing equipment . Since the machine operates at a h i g h torque f r o m a l o w speed, 
n o " c o n v e n t i o n a l " d y n a m o m e t e r c o u l d be u s e d as a test ing l o a d of the machine . Fortunately, 
measurement e q u i p m e n t u s e d for test ing the m i n i n g systems s u c h as b o r i n g m a c h i n e dr ives 
i n T - M a c h i n e r y i n Rat i skovice , C z e c h R e p u b l i c w a s u s e d . These d r i v e trains, s i m i l a r l y to the 
d e s i g n e d H T - F A S R m a c h i n e , operate at l o w speeds w i t h h igher torque, therefore the testing 
benches were i d e a l to use. The laboratory also i n c l u d e d water l o o p c o o l i n g accessories for 
machine cool ing , thus the motor c o u l d be tested at the rated po in t w i t h o u t restrictions. The test 
w i t h n o water c o o l i n g at hal f of the o u t p u t p o w e r w a s also p e r f o r m e d . T h i s test w a s r e q u i r e d 
b y the manufacturer as a s tandard requirement test for B a u m i i l l e r electric motors . 

8.2 Machine modifications 

Since the manufac tured machine is used to val idate the E M m o d e l , it w a s dec ided to m a n u ­
facture a shorter 306 m m stack length vers ion . Th is dec i s ion w a s done to reduce the cost of the 
c o m p a r i s o n w h i l e a c h i e v i n g the same a i m - the F E A m o d e l v a l i d a t i o n . Besides the f ina l m o d e l 
modi f i ca t ions (mechanical a n d manufac tur ing) w e r e the water c o o l i n g canals i n c l u d e d i n the 
machine stator yoke . The last modi f i ca t ion , that w a s done i n the f ina l machine , w a s the magnet 
d i v i s i o n i n the axia l as w e l l as i n the r a d i a l direct ion. The f ina l machine v i s u a l i z a t i o n is depicted 
i n F igure 8.1. 
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Figure 8.1: 3 D sketch of the o p t i m i z e d machine 

8.3 Testing bench 

The measurement equipment c o u l d be d i v i d e d into three categories: 
• M o t o r d r i v i n g a n d coo l ing accessories 
• M e a s u r i n g equipment of the mechanica l objectives 
• M e a s u r i n g equipment of the electrical objectives 
A l l the data f r o m the measurements w e r e h a n d l e d b y the P C , w h e r e the c o m m u n i c a t i o n 

between the m e a s u r i n g instruments w a s m a n a g e d . Besides the measurement data, the contro l 
of the water c ircuit a n d the d y n a m o m e t e r w a s also done either b y the c o m p u t e r or b y the 
connected accessories. 
The mechanica l measurement consisted of the d e v e l o p e d shaft torque a n d the rotat ional speed 
of the c o u p l e d dr ive . The mechanical measurement w a s done b y the V U E S A S D P500 a long w i t h 
the p r o v i d e d accessories f r o m the same manufacturer. The d y n a m o m e t e r p r o v i d e d the l o a d i n g 
torque of 3183 N m f r o m the m i n i m a l speed 150 r p m . The data sheet of s u c h a d y n a m o m e t e r 
a l o n g w i t h the i m p o r t a n t characteristics is i n At tachments . The d y n a m o m e t e r w a s connected 
v i a the nat ive software w i t h the w o r k i n g P C , as depic ted i n F igure 8.2. 

The c o o l i n g measurement data were the c o o l i n g water f l o w rate, the water pressure, a n d 
the water temperature i n the reservoir. A l l the water c o o l i n g c ircui t characteristics w e r e kept 
constant d u r i n g the tests as def ined b y the manufacturers requirement based o n the u s e d cool ­
i n g p ipe l ine arrangement. The measur ing devices were bu i l t b y the company, where the testing 
bench w a s located. 
The measurement of the electric objectives w a s d o n e b y the p o w e r ana lyzer Y o k o g a w a 1800 
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Figure 8.2: Schematics of the testing bench 

c o u p l e d w i t h the L E M current sensors a n d , as the f igure i m p l i e s , w a s connected to the P C a n d 
is contro l l ed b y the V U E S software. The Y o k o g a w a is u s e d for the l o a d tests as w e l l as for the 
w i n d i n g resistance measurement to determine the actual w i n d i n g temperature b y the resistance 
measurement . A n electric contractor (not s h o w n i n F i g u r e 8.2) w a s inserted b e t w e e n the A C 
d r i v e a n d the Y o k o g a w a to safely disconnect the A C d r i v e f r o m the electric m o t o r to p e r f o r m 
the resistance measurement after each test. 
The probe converter serves the p u r p o s e of c o n v e r t i n g v a r i o u s temperature probes (in our case 
the K - t y p e thermocouples a n d PT-1000 temperature probes) i n f o r m a t i o n into the values i n the 
degrees of Ce ls ius . The thermocouples were u s e d for a contact temperature measurement a n d 
PT-1000 temperature probes were located i n the stator w i n d i n g . The contact measurement w a s 
done o n b o t h m o t o r shie lds , w h e r e the bear ings are m o u n t e d , one t h e r m o c o u p l e w a s u s e d for 
the resolver temperature measurement a n d the last one w a s u s e d for the h o u s i n g temperature 
measurement . The placement for the h o u s i n g temperature measurement w a s chosen to a v o i d 
the locat ion n e i g h b o r i n g the c o o l i n g p ipes , w h i c h w o u l d s igni f i cant ly inf luence the measure­
ment because the m a x i m a l h o u s i n g temperatures w e r e a i m e d to be measured . The w i n d i n g 
temperature w a s m e a s u r e d b y the t w o r a n d o m l y p l a c e d temperature probes into the stator 
w i n d i n g . Therefore the real w i n d i n g temperature c o u l d be affected b y the probe placement . 
Therefore the resistance measurement w a s done after each step i n the specif ic t ime p e r i o d to 
approximate the actual w i n d i n g temperature f r o m the obtained resistance va lue a n d the k n o w n 
va lue at r o o m temperature. 
The testing bench photographs w i t h the device labels are depic ted i n F igure 8.3. 

8.4 A C drive setup process 

A f t e r the test b e n c h setup comes the A C d r i v e conf igura t ion . The A C d r i v e u s e d for the 
tested a p p l i c a t i o n w a s the C o n t r o l Techniques U n i d r i v e M 7 0 0 w i t h a peak output p o w e r equal 
to 90 k W . This d r i v e is capable of contro l l ing b o t h the P M (Nonsalient) a n d the S y n R e l (Salient) 
machines a n d inc ludes a var iable l o a d angle opt ion . 
The i n i t i a l setup w a s obta ined b y the " A u t o - t u n e " o p t i o n , i n a salient m o d e , a n d a c c o r d i n g to 
the results w a s a i m e d to f i n d the d-axis of the contro l l ed m a c h i n e (the lowest electromagnetic 
torque). The strategy w a s to s u p p l y the stator w i n d i n g w i t h a current, that rotates the rotor into 
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the "Zero-torque" p o s i t i o n , that the system assumes as the stator a n d rotor d-axis a l ignment . 
Since the P M A S R m a c h i n e combines b o t h p r i n c i p l e s P M a n d reluctance torque, it is d i f f i cul t 
to choose the suitable a l ignment p r o c e d u r e a n d decide w h i c h p r i n c i p l e is m o r e s ignif icant i n 
s u c h a machine . D u e to the use of ferrite magnets , i t w a s d e c i d e d to use the salient m o d e . 
The f igures b e l o w i n F i g u r e 8.4 a) a n d b) depict the torque vs . current angle characteristics 
theoretical s i tuat ion , that is based o n the different b e h a v i o r - the peak torques at the different 
current angles a n d the d o u b l e "torque v a r i a t i o n " of the reluctance torque c o m p a r e d to the P M 
torque. The behaviors i n the f igures are d i v i d e d into parts based o n the torque p r i n c i p l e s a n d 
the m a x i m u m values i n theoretical behaviors are d e r i v e d f r o m the F E A m o d e l . The m a x i m u m 
torque v a l u e of the torque parts w i t h respect to the c o m b i n e d m a x i m u m torque is 59 % i n the 
case of reluctance torque, 48.4 % i n the case of the P M torque respectively. 
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Figure 8.4: a) Torque versus current angle i n the P M A S R - the theoretical behavior , b) Torque 
versus the current angle d i v i d e d into the torque parts - the F E A m o d e l . 

The different P M torque c u r v e i n the F E A m o d e l c o u l d be caused b y the P M p o l e arrange­
ment. The theoretical approach considers the s inuso ida l f lux-densi ty d i s t r ibut ion i n the air-gap. 
The c o m b i n a t i o n of the t w o p r i n c i p l e s introduces uncerta inty into the A C d r i v e setup process. 
The " i d e a l " s i tuat ion , w h e r e o n l y 3 intersections of the torque-angle curves w i t h the x-axis be­
came more complex a n d 2 a d d i t i o n a l intersections are in t roduced due to the different reluctance 
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a n d the P M pr inc ip les behavior . 
The s i tuat ion w a s s o l v e d i n the laboratory condi t ions b y m o n i t o r i n g the rotat ion d i rec t ion (to 
investigate i f the d e v e l o p e d torque is pos i t ive or negat ive w i t h respect to the d y n a m o m e t e r 
configuration) a n d the d r a i n e d current at the specific torque (evaluating the torque/motor con­
stant). The d r a i n e d current to develop a certain torque (torque/motor constant) is clearly higher 
i n the case of the smal ler torque c u r v e (added due to the p r i n c i p l e descr ibed above). It can be 
noted , that the intersections, caused b y the reluctance torque a n d the distance be tween t h e m 
are affected b y the sal iency rat io (the peak v a l u e of the reluctance torque), the shape of the 
magnet ic c ircuit , that is, i n this case, d i s tor t ing the theoretical s i n u s o i d a l shape into the almost 
rectangular shape. The last inf luence o n the intersection c o u l d be f o u n d i n Figure 8.5, where the 
torque vs. current angles curves w a s a n a l y z e d w i t h a different stator current. This s i tuat ion was 
also s imula ted i n the o p t i m i z e d machine w i t h the v a r i a t i o n of the stator current f r o m 20 A to the 
n o m i n a l 114 A . F igure 8.5 c) f r o m [197] s u p p o r t s u c h a c l a i m , even t h o u g h the N d F e B magnets 
i n were used i n the p u b l i c a t i o n . 

Current vector angle (deg) 

c) 

Figure 8.5: a) Torque versus current angle i n the P M A S R , b) z o o m e d torque versus current 
behavior a r o u n d the 180° angle, c) theoretical behavior w i t h N d F e B f r o m [197]. 

Therefore the a d d i t i o n a l torque curves a n d the x-axis cross-sections cannot be f u l l y mit igated 
b y the decreased stator current used i n the setup procedure a n d a more exper imental approach 
w a s needed to correctly configure the d r i v e . 
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8.5 No-load measurement 

The n o - l o a d measurement consists of the resistance a n d the back electromotive force (back-
E M F ) , b o t h at the r o o m temperature a n d their ver i f i ca t ion w i t h the F E A calculat ions . M o s t l y 
to e l iminate the manufacture faults i.e. s igni f icant ly different n u m b e r of stator coils turns f r o m 
the m o d e l or s ignif icant turns difference b e t w e e n the coi ls . The second m a n u f a c t u r i n g fault , 
that c o u l d be d i a g n o s e d f r o m the n o - l o a d measurement is the potent ia l P M d e m a g n e t i z a t i o n 
caused b y the m a n u f a c t u r i n g process, p o s s i b l y b y the faul ty m a g n e t i z a t i o n or b y a n y other 
damage, that c o u l d have been caused b y the magnet or m o t o r t ransportat ion e.g. shatter ing of 
P M elements ( P M corners or edges). The m e a s u r e d va lues a n d the F E A est imated va lues are 
c o m p a r e d i n Table 8.1. 

Table 8.1: F E A estimated a n d measured b a c k - E M F 

Speed, rpm 
_ ^ a S e FEA, V Measured, V Difference, % Error, % 

50 40.7 44.5 8.5 0.267 
75 61 66.5 8.3 0.267 
100 81.3 88.6 8.2 0.267 
150 122 132.7 8.1 0.267 

Re la t ive ly b i g differences are f o u n d i n the m e a s u r e d b a c k - E M F , w h e r e the m e a s u r e d back-
E M F values are o n average almost 8.3 % higher than estimated b y the F E A . This c o u l d be caused 
b y the usage of s l ight ly stronger ferrite magnets or b y a h igher v a l u e of m a g n e t i z a t i o n , w h i c h 
w a s unfor tunate ly not measured before the m a n u f a c t u r i n g . 

The resistance measurement at the r o o m temperature a l o n g w i t h the F E A c o m p a r i s o n is 
depic ted i n Table 8.2, where the measured va lue is cons idered to be more accurate. 

Table 8.2: F E A est imated a n d measured resistances 

Phase comb. 
^Jfeastance pgA, m f l Measured, m f l Difference, % Error, % 

U-V 289 293.9 -1.67 0.267 
U-W 289 294.3 -1.8 0.267 
V-W 289 294.2 -1.77 0.267 
Average 289 294.1 -1.75 0.267 

The measured a n d estimated resistances values are very s imi lar due to the relat ively precise 
F E A m o d e l conf igurat ion a n d close c o m m u n i c a t i o n w i t h the m a n u f a c t u r i n g company, that de­
l i v e r e d the coi l -over laps d imens ions , that w a s adapted into the m o d e l . 

8.6 Measured working points 

The w h o l e measurement p r o c e d u r e w a s d i v i d e d into several measurements . Since m a n y 
w o r k i n g po in ts w e r e m e a s u r e d a n d the w h o l e measurement w a s d o n e i n f e w days , it w a s 
necessary to a d d c h e c k i n g procedures , that ensure the n o n - f a u l t y m o t o r state, especial ly the 
P M demagnet iza t ion . The state of P M w a s v e r i f i e d b y the m e a s u r e d t e r m i n a l vol tage i n d u c e d 
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b a c k - E M F . 
The list of the m e a s u r e d points ( M P ) is presented i n Table 8.3 a n d the resul ted torque-speed 
characteristics w i t h the labeled M P s are s h o w n i n F igure 8.6. 

Table 8.3: M e a s u r e d points of the 
machine 

Speed Cooled Not cooled 

50 rpm 2777 N m 1388.5 N m 

75 rpm 2777 N m -

100 rpm 2777 N m -

150 rpm 2777 N m 1388.5 N m 
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Figure 8.6: M e a s u r e d w o r k i n g po in ts of o p t i m i z e d 
machine 

E a c h measurement contains the temperature deve lopment over the measurement, the resis­
tance measurement after each M P a n d the c o m p a r i s o n of F E A est imated a n d m e a s u r e d data. 
The c o o l i n g c ircuit satisf ied the r e q u i r e d parameters i.e. sys tem pressure of 6 bars at the water 
temperature range f r o m 10 to 25 °C for the w h o l e measurement. T h r o u g h o u t the measurement 
w a s the water temperature kept a r o u n d the h igher l i m i t - 25 °C. 

8.6.1 First measured point 

The first M P w a s at 150 r p m a n d the expected torque w a s 2777 N m at the stable operat ing 
temperature, b y the s tandard [198] considered the temperature not exceeding the change of 2 K 
i n a n hour . The measurement w a s s p e d u p b y inject ing the h i g h e r current at the b e g i n n i n g of 
the measurement a n d then decreasing the current to reach the des i red temperature increase 
of 100 K , w h i c h is r e q u i r e d b y the B a u m i i l l e r c o m p a n y . F i g u r e 8.7 a) depicts the current a n d 
the temperature d e v e l o p m e n t over the w h o l e measurement , a n d F igure 8.7b) s h o w s the stator 
w i n d i n g " coo l ing" curve , where the characteristics are extended to the potent ia l temperature at 
the e n d of the measurement . 

The machine reached its thermal ly balanced state at near ly 200 minutes since the test started. 
F r o m the characteristics, it is o b v i o u s , that the electric m a c h i n e c o o l i n g cannot suff ic ient ly re­
m o v e the heat generated b y machine losses at the n o m i n a l (estimated) l o a d . Therefore the l o a d 
current h a d to be decreased to the l eve l , w h e r e the c o o l i n g w a s sufficient a n d the n o m i n a l cur­
rent h a d to be therefore decreased. The f ina l measured characteristics (at the e n d of the test) are 
l is ted a n d c o m p a r e d w i t h the F E A m o d e l i n Table 8.4. 

These measured characteristics s u p p o r t the in i t i a l c l a i m stated i n chapter 4, where the 30 % 
m o t o r v o l u m e increase w a s r e q u i r e d to achieve the same o u t p u t p o w e r . In other w o r d s , the 
m a c h i n e can i n the same v o l u m e achieve about 30 % l o w e r o u t p u t p o w e r , c o m p a r e d to the 
S P M . In this case s t u d y the o u t p u t p o w e r decrease is about 19 % l o w e r w h e n c o m p a r e d to the 
i n i t i a l l y d e s i g n e d m a c h i n e - 1 — ^ ^ j ^ 1 • 100 = 14.9 %. The est imated errors (uncertainties) 
were d e r i v e d f r o m the Y o k o g a w a off icial site [199] guide a n d f r o m the uncertainty of the current 
a n d vol tage sensors. The biggest errors can be f o u n d i n the case of the m e a s u r e d current a n d 
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F i g u r e 8.7: a) Temperature a n d current deve lopment d u r i n g the first M P measurement b) W i n d ­
i n g resistance characteristics after the first measurement. 

Table 8.4: First M P measurement 

Method 
Objectives 

Method 
FEA Measured Difference, % Error, % Objectives FEA Measured Difference, % Error, % 

Torque, N m 2362.7 2365.5 0.12 0.05 
Speed, rpm 150 150 0 0.02 
Current, A 103.7 103.7 0 2.89 
Current angle, °el 55 54 -1.85 -

Voltage, V 296.7 316.1 6.14 0.289 
Saliency f, - 3.52 7.58* - -
Input power, kW 44.47 47.58 6.54 1.08 
Power factor, - 0.81 0.84 3.57 1.08 
Output power, kW 37.1 37.1 0 0.05 
Efficiency, % 83.46 81.6 -1.86 1.08 
Winding temperature PT-1000, °C 128.2 128.2 0 0.1 
Winding temperature from resistance, °C - 110.6 - 1.08 
Magnet temperature from Back-EMF, °C 81.42 81.42 - 0.213 
Room temperature, °C - 26.4 - 0.15 
* Note: The magnetic saliency is roughly estimated from A C drive measurement. The 
measured value is, based on the difference, measured with significant error. 

are est imated as 2.89 %. 
The m e a s u r e d a n d the F E A characteristics differences are f o u n d i n each characteristic except 
the ones, that w e r e set i n the m o d e l to va l ida te the F E A accuracy (i.e temperatures , currents). 
The m a x i m a l difference is f o u n d i n the i n p u t p o w e r , w h i c h "combines" the most uncertainties 
f r o m other measurements (e.g. currents , vol tage , p o w e r factor). The measurement w a s done 
u s i n g the M T P A ( m a x i m u m torque per ampere) control , thus the same a p p r o a c h w a s taken i n 
the case of F E A , thus the difference b e t w e e n the current angles. The F E A m o d e l ach ieved the 
M T P A at a s l ight ly different angle. 
The m o d e l sal iency c o m p a r i s o n , e v e n t h o u g h w a s measured , is not the objective, since the 
measurement error w o u l d be over 200 %. This is caused, as noted i n Table 8.4 b y the r o u g h A C 
d r i v e est imat ion. The sal iency w a s s t i l l l i s ted i n the table, so le ly to p o i n t out the s ignif icant 
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m e a s u r i n g error of the A C d r i v e a n d therefore to propose a rather skept ica l cons idera t ion of 
this measured va lue . 
The measured efficiency w a s near ly 1.9 % lower than estimated b y the F E A m o d e l . This c o u l d be 
caused b y the presence of the higher harmonics injected b y the A C d r i v e or b y l o w e r mechanical 
losses, that were estimated as 1 % of the output power , w h i c h is a convent ional ly a p p r o v e d value , 
a n d also b y [18]. 
The m e a s u r e d b a c k - E M F w a s i n a n average about 9.5 % l o w e r for the same speeds as l i s ted 
i n Table 8.1, that corresponds to the P M temperature increase of 55.02 °C, resu l t ing i n the P M 
temperature of 81.42 °C. The temperature estimated f r o m the resistance measurement is 110.6 °C, 
w h i c h is about 17.6 °C l o w e r t h a n the PT-1000, this c o u l d be caused b y the sensor placement , 
but also b y the non-equa l c o o l i n g characteristic of the w i n d i n g i n t ime. A t the b e g i n n i n g is the 
w i n d i n g temperature changes steeper a n d the gradient decreases over t ime. 
The m a c h i n e h o u s i n g t h e r m a l state w a s d o c u m e n t e d w i t h the thermal-camera a n d the images 
are s h o w n i n F igure 8.8 be low. 

Figure 8.8: Thermal-camera images for the M P at 150 r p m , machine w i t h active coo l ing a) R ight 
side thermal image f r o m the thermal-camera b) Right side real image f r o m the thermal-camera, 
c) Left s ide t h e r m a l image f r o m the thermal -camera d) Left s ide real image f r o m the t h e r m a l -
camera. 

The hottest spot, that the camera w a s p o i n t e d to w a s e q u a l to 90.5 °C a n d is located o n the 
left s ide of the machine . 
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8.6.2 Second measured point 

The second M P took place r ight after the first p o i n t measurement , hence the h i g h e r i n i t i a l 
temperatures i n F i g u r e 8.9. The second p o i n t is character ized b y 2777 N m at 100 r p m , that is 
the same a m o u n t of the torque at the l o w e r rotat ional speed, c o m p a r e d to the first po in t . The 
measurement w a s done u s i n g the same a p p r o a c h as the first M P . It w a s expected to reach a 
s l ight ly h igher electromagnetic torque, d u e to the poss ible decrease of the i r o n losses a n d the 
increased l o a d i n g current (to achieve the same a m o u n t of machine losses). The temperature de­
ve lopment a n d the after-test resistance measurement i n c l u d i n g the a p p r o x i m a t i o n are depicted 
i n F igure 8.9 a) a n d b) respectively. 
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Figure 8.9: a) Temperature a n d current d e v e l o p m e n t d u r i n g the second M P measurement b) 
W i n d i n g resistance characteristics after the second measurement. 

The machine reached an e q u i l i b r i u m i n near ly 70 minutes at the s l ight ly h igher temperatures 
c o m p a r e d to the first M P even i n the resistance temperature measurement . A current w a s 
s l ight ly higher , as expected, a n d therefore the m e a s u r e d torque has also increased. The i n i t i a l 
decrease of the temperatures at the b e g i n n i n g of the measurement w a s caused b y the h i g h e r 
in i t i a l temperatures f r o m the first M P measurement. The f ina l measured data c o m p a r i s o n w i t h 
the F E A m o d e l are presented i n Table 8.5. 

The c o m p a r i s o n of the m e a s u r e d a n d F E A characteristics resul ted i n a s i m i l a r c o n c l u s i o n 
to the first measurement . The machine , e v e n t h o u g h d e v e l o p e d a h igher shaft torque, w a s not 
able to de l iver the i n i t i a l F E A characteristics. But near ly the same results w e r e obta ined after 
m o d i f y i n g the F E A m o d e l w i t h the same current. The highest difference occurred i n the p o w e r 
factor w i t h the 6.89 % difference. The measured data were higher i n near ly a l l objectives except 
the efficiency, where the difference w a s s l ight ly h igher (0.24 %) than i n the first M P . 
A l l other objectives are i n a v e r y close range to the F E A estimated ones. The magnet temperature 
increased between measurements b y 1.5 °C to 82.92 °C. The resistance measurement has s h o w n 
the temperature 110.7 °C, w h i c h is about 17.5 °C less than the PT-1000 result. 
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Table 8.5: Second M P measurement 

Method 
Objectives 

FEA Measured Difference, % Error, % 

Torque, N m 2396 2420.2 1 0.05 
Speed, rpm 100 100 0 0.02 
Current, A f05.32 105.32 0 2.89 
Current angle, °el 55 53 - -

Voltage, V 211.1 209.6 0.72 0.243 
Input power, kW 32.36 33.56 3.57 0.856 
Power factor, - 0.81 0.87 6.89 0.856 
Output power, kW 25.1 25.32 1 0.05 
Efficiency, % 77.5 75.4 -2.1 0.856 
Winding temperature PT-1000, °C 128.2 128.2 0 0.1 
Winding temperature from resistance, °C - 110.7 - 1.08 
Magnet temperature from Back-EMF, °C 82.92 82.92 - 0.213 
Room temperature, °C - 27.9 - 0.15 
* Note: The magnetic saliency is roughly estimated from A C drive measurement. The 

8.6.3 

measured value is, based on the difference, measured with significant error. 

T h i r d measured point 

The t h i r d M P is def ined b y the same torque as prev ious points , 2777 N m at the 75 r p m speed 
a n d w a s done i m m e d i a t e l y after the second M P , that causes a s i m i l a r temperatures b e h a v i o r 
to the second measurement . The characteristics f r o m b o t h the l o a d test a n d the resistance mea­
surement are s h o w n i n F igure 8.10 a) a n d b). 
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Figure 8.10: a) Temperature a n d current d e v e l o p m e n t d u r i n g the t h i r d M P measurement b) 
W i n d i n g resistance characteristics after the t h i r d measurement. 

The other temperatures are s l ight ly l o w e r as the same w i n d i n g temperature is achieved, this 
can be reasoned b y a different losses d i s t r i b u t i o n . In this M P the Joule losses d o m i n a t e e v e n 
more over the i r o n losses, than i n the first t w o M P s , therefore the temperature difference is even 
higher. The c o o l i n g seems to be more suff icient to r e m o v e the w i n d i n g losses t h a n the i r o n 
losses, caused b y the c o o l i n g tubes d i s t r i b u t i o n i n the stator core. The data, w h e n the machine 
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reached the stable state are l i s ted a n d c o m p a r e d w i t h the F E A i n Table 8.6. 

Table 8.6: T h i r d M P measurement 

FEA Measured Difference, % Error, % 

Torque, N m 2447.7 2470.2 0.91 0.05 
Speed, rpm 75 75 0 0.02 
Current, A 107.9 107.9 0 0. 287 
Current angle, °el 55 53 - -

Voltage, V 169.2 163.4 -3.55 0.279 
Input power, kW 26.7 26.97 1 1.03 
Power factor, - 0.8 0.82 2.44 1.03 
Output power, kW 19.22 19.4 0.93 0.05 
Efficiency, % 72 71.9 -0.1 1.03 
Winding temperature PT-1000, °C 128.3 128.3 0 0.1 
Winding temperature from resistance, °C - 109.8 - 1.08 
Magnet temperature from Back-EMF, °C 85.92 85.92 - 0.213 
Room temperature, °C - 28.4 - 0.15 
* Note: The magnetic saliency is roughly estimated from A C drive measurement. The 
measured value is, based on the difference, measured with significant error. 

The t h i r d measured data are even closer to the F E A data, w h i l e the biggest difference is 3.55 % 
i n the measured voltage, a n d the l o w e r va lue is obtained w i t h the manufac tured machine . The 
t rend of other objectives is s i m i l a r to the p r e v i o u s measurement , w h e r e the va lues obta ined 
b y the measurement are h igher except for the efficiency. The eff iciency difference decreased 
resul t ing o n l y i n 0.1 % i n favor of the F E A m o d e l . 
The temperature dev ia t ion between the PT-1000 sensors a n d the temperature obtained f r o m the 
w i n d i n g resistance measurement has s l ight ly increased to 18.5 °C. The magnet temperature has 
increased as w e l l to 85.92 °C, that is a 3 °C increase f r o m the second M P . 

8.6.4 Fourth measured point 

The f o u r t h p o i n t is the last M P m e a s u r e d w i t h the m a c h i n e c o o l i n g . The test ing condi t ions 
r e m a i n e d the same w h e n c o m p a r e d to the p r e v i o u s l y p e r f o r m e d measurements . The f o u r t h 
po in t is d e f i n e d b y the torque a n d equals 2777 N m at the 50 r p m a n d took place after the t h i r d 
tests c h e c k i n g the P M d e m a g n e t i z a t i o n measurement . The data f r o m the temperature a n d 
resistance measurements are depic ted i n F igure 8.11. 

Because of the h igher stator current a n d l o w e r i r o n losses, the temperatures are s i m i l a r to 
the p r e v i o u s l y ( in t h i r d M P ) obta ined ones. The temperature difference b e t w e e n the w i n d i n g 
a n d the other parts has v e r y s l i g h t l y increased, e v e n t h o u g h the a m o u n t of losses i n the stator 
is unchanged (the same coo l ing condi t ions a n d same w i n d i n g temperature). The resul t ing data 
f r o m the l o a d test are l is ted w i t h the F E A c o m p a r i s o n i n Table 8.7. 

In the f o u r t h measurement are a l l the measured data above the values achieved b y the F E A . 
The biggest difference, e q u a l to 3.7 %, is f o u n d i n the cos <p c o m p a r i s o n , other objectives are 
w i t h i n the 3 % difference range. 
The temperature i n the P M has also increased since the t h i r d m e a s u r e d temperature b y near ly 
12 °C, due to the h i g h e r stator current , that t empered b o t h the m a c h i n e rotor a n d the ins ide 
space of the machine . The f ina l P M temperature is 97.9 °C. 

Method 
Objectives 
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Figure 8.11: a) Temperature a n d current d e v e l o p m e n t d u r i n g the f o u r t h M P measurement b) 
W i n d i n g resistance characteristics after the f o u r t h measurement. 

Table 8.7: F o u r t h M P measurement 

FEA Measured Difference, % Error, % 

Torque, N m 2599.3 2620.7 0.82 0.05 
Speed, rpm 50 50 0 0.02 
Current, A 115.1 115.1 0 2.88 
Current angle, °el 55 54 - 2.88 
Voltage, V 129.3 132.9 2.71 0.213 
Input power, kW 21.92 21.3 2.91 0.703 
Power factor, - 0.78 0.81 3.7 0.703 
Output power, kW 13.61 13.7 0.82 0.05 
Efficiency, % 62.1 64.7 2.6 0.703 
Winding temperature PT-1000, °C 128.6 128.6 0 0.1 
Winding temperature from resistance, °C - 108.9 - 1.08 
Magnet temperature from Back-EMF, °C 97.9 97.9 - 0.213 
Room temperature, °C - 29.4 - 0.15 
* Note: The magnetic saliency is roughly estimated from A C drive measurement. The 
measured value is, based on the difference, measured with significant error. 

The w i n d i n g measurement difference be tween the PT-1000 a n d the temperature obtained f r o m 
the resistance has increased to 19.7 °C. The images f r o m the thermal -camera are d e p i c t e d i n 
F igure 8.12. 

The increased w i n d i n g losses w e r e c o o l e d m o r e suff ic ient ly a n d thus the hottest spot w a s 
f o u n d o n the left side of the machine a n d w a s 63.7 °C. 

Method 
Objectives 

8.6.5 F i f t h measured point 

The f i f th p o i n t is the first, w h i c h is m e a s u r e d w i t h o u t water c o o l i n g . The motor , based o n 
the B a u m i i l l e r standards, is expected to de l iver half of the cooled motor performance. The f i f th 
po in t is d e f i n e d b y the 1388.5 N m at the 150 r p m . But based o n the p r e v i o u s tests, it w a s not 
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c) d) 

Figure 8.12: Thermal-camera images for the M P at 50 r p m machine w i t h active coo l ing a) R ight 
side thermal image f r o m the thermal-camera b) Right side real image f r o m the thermal-camera, 
c) Left s ide t h e r m a l image f r o m the thermal -camera d) Left s ide real image f r o m the t h e r m a l -
camera. 

expected to achieve the estimated torque. The test w a s scheduled for the d a y after the tests w i t h 
water c o o l i n g a n d after the successful d e m a g n e t i z a t i o n c h e c k i n g test. The temperatures a n d 
w i n d i n g resistance characteristics are s h o w n i n F igure 8.13 a) a n d b). 

Both the temperature a n d the resistance test express certain "inconsistencies". These s e l d o m 
occurrences are caused b y the coolant b e i n g s t i l l present ins ide the t u b i n g system. T h u s for the 
protect ion of the motor, the hot coolant w a s r e m o v e d , w h e n it reached the temperature close to 
the b o i l i n g point . The potent ia l b o i l i n g coolant can damage the motor water t u b i n g . 
T w o dist inct ions can be p o i n t e d out just f r o m a brief look at the figures compared to the prev ious 
points . The first one b e i n g the relat ively h i g h h o u s i n g temperature, that even i n the w o r s t case 
i n the cooled machine is l o w e r than 60 °C n o w becomes become near ly 100 °C, thus the coolant 
protect ive r e m o v i n g procedure . The second difference can be seen i n the w i n d i n g resistance 
f igure , w h e r e the va lues are m u c h h igher (circa b y 10 m Q ) . T h u s the temperature differences 
between PT-1000 sensors a n d w i n d i n g resistance are smaller. The f ina l data are c o m p a r e d w i t h 
the F E A calculat ions i n Table 8.8. 

The f i f th M P data l i s ted i n the Table 8.8 s h o w the biggest differences e q u a l to near ly 8 % 
i n the t e r m i n a l vol tage a n d 7.25 % i n the m e a s u r e d shaft torque, this error is then carr ied into 
the o u t p u t p o w e r difference. Other m e a s u r e d a n d est imated values d o not overcome the 3.1 % 
difference. The F E A m o d e l appears to be re la t ive ly accurate even for this k i n d of m a c h i n e 
w i t h o u t the c o o l i n g at h igher P M temperatures. The m e a s u r i n g m a c h i n e a n d the F E A m o d e l 
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Figure 8.13: a) Temperature a n d the current d e v e l o p m e n t d u r i n g the f i f th M P measurement b) 
W i n d i n g resistance characteristics after the f i f th measurement . 

Table 8.8: F i f t h M P measurement 

ivietnoa 
Objectives 

FEA Measured Difference, % Error, % 

Torque, N m 1179.9 1100.1 -7.25 0.07 
Speed, rpm 150 150 0 0.02 
Current, A 52.76 52.76 0 2.92 
Current angle, °el 50 51 - 2.92 
Voltage, V 250.4 231.9 -7.98 0.23 
Input power, kW 20.72 20.1 -3.08 0.755 
Power factor, - 0.9 0.92 2.17 0.755 
Output power, kW 18.53 17.28 -7.25 0.07 
Efficiency (First harmonics), % 89.46 89.1 -0.36 0.755 
Winding temperature PT-1000, °C 128.6 128.6 - 0.1 
Winding temperature from resistance, °C - 118.8 - 1.08 
Magnet temperature from Back-EMF, °C 109.89 109.89 - 0.213 
Room temperature, °C - 25.5 - 0.15 
* Note: The magnetic saliency is roughly estimated from A C drive measurement. The 
measured value is, based on the difference, measured with significant error. 

achieves the m a x i m u m torque b y g i v e n stator current at a different current angle w i t h the 
difference b e i n g 1 °. 
The m o t o r is not suff ic ient ly coo led w i t h o u t the water c o o l i n g a n d is not capable of p r o v i d i n g 
the 50 % of the rated torque (power) , w h i c h s h o u l d be e q u a l to - 2 3 6 5 - | N m = 1182.8 N m a n d is 
a r o u n d 7 % lower. The magnet temperature, for the first t ime, exceeded 100 °C a n d stabi l ized at 
approximate ly 109.89 °C. This temperature is s t i l l m u c h l o w e r than the l isted C u r i e temperature 
of the P Z K 4 5 4 mater ia l (460 °C f r o m [70]). Th is magnet temperature increase is d u e to the 
insuff ic ient heat r e m o v a l f r o m the stator, w h i c h is then kept i n the machine . The heat r e m o v a l 
c o u l d be i m p r o v e d b y the b lack color coat ing of the machine , w h i c h is u s u a l l y done i n most 
cases of m a n u f a c t u r i n g . The color coat ing w a s not done d u e to the pro to type m a n u f a c t u r i n g 
cost reduct ion . 
The stator h o u s i n g is reaching dangerous temperatures to the touch . In F i g u r e 8.14 are the 
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thermo-camera images s h o w n for the b o t h machine sides 

max. 1 0 8 D ( - 107 

• 1 l 1 r 
O f l i r 26 .4 
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c) d) 

Figure 8.14: Thermal -camera images for M P 150 r p m m a c h i n e w i t h o u t active c o o l i n g a) R i g h t 

side thermal image f r o m the thermal-camera b) Right side real image f r o m the thermal-camera, 

c) Left s ide t h e r m a l image f r o m the thermal -camera d) Left s ide real image f r o m the t h e r m a l -

camera. 

The camera a i m e d at the hottest spot of the m o t o r h o u s i n g , w h i c h w a s 108 °C o n the r ight 

side, 106 °C o n the left side respectively. 

8.6.6 Sixth measured point 

The last M P a n d the second po int that is measured w i t h o u t c o o l i n g a n d is characterized b y 

the 1388.5 N m at the 150 r p m . This test w a s scheduled after the f i f th M P , thus the in i t i a l h igher 

temperatures i n the motor parts. The temperature a n d resistance characteristics are depic ted i n 

F igure 8.15. 

B o t h characteristics express a s i m i l a r b e h a v i o r to the f i f th M P a n d achieve v e r y s i m i l a r re­

sults. The " inconsistencies" present i n the last M P , t h o u g h less v i s i b l e , are s t i l l present. The 

m a c h i n e becomes reasonably stable after the one h o u r of measurement a n d therefore the mea­

surement w a s ended, also due to the already tempered machine f r o m the prev ious measurement. 

The machine measured performance characteristics are compared w i t h the F E A data i n Table 8.9. 

In the last measurement the biggest difference, s i m i l a r l y to the f i f th M P , w a s f o u n d i n the 

measured torque, due to the f ixed speed, i n the output power . The difference w a s est imated as 
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Figure 8.15: a) Temperature a n d current d e v e l o p m e n t d u r i n g the s i x t h M P measurement b) 
W i n d i n g resistance measurement characteristics after the s ix th measurement 

Table 8.9: S ix th M P measurement 

Method 
Objectives 

FEA Measured Difference, % Error, % 

Torque, N m 1359.8 1300.4 -4.57 0.07% 
Speed, rpm 50 50 0 0.02% 
Current, A 58.65 58.65 0 0.273% 
Current angle, °el 50 48 - 0.273% 
Voltage, V 100.2 101.7 1.47 0.247% 
Input power, kW 9.388 9.31 -0.84 0.794% 
Power factor, - 0.91 0.9 -1.11 0.794% 
Output power, W 7.12 6.8 -4.57 0.07% 
Efficiency (First harmonics), % 75.8 73.1 -2.7 0.794% 
Winding temperature PT-1000, °C 127.6 127.6 0 0.1 % 
Winding temperature from resistance, °C - 117.9 - 1.08% 
Magnet temperature from Back-EMF, °C 117.75 117.75 - 0.213 
Room temperature, °C - 26.8 - 0.15% 
* Note: The magnetic saliency is roughly estimated from A C drive measurement, 
measured value is, based on the difference, measured with significant error. 

The 

4.57%, w h i l e other differences are w i t h i n the 3 % range. 
The magnet temperature has increased i n the s ix th M P to 117.75 °C, w h i l e the r o o m temperature 
difference be tween the f i f th M P a n d s ix th M P has increased as w e l l to 26.8 °C. 
The m o t o r per formance increased to near ly the hal f of the torque d e l i v e r e d at the same speed 
w i t h the active cool ing . The required torque w a s 2 6 2 0 - J N m = 1310.35 N m a n d is b y 0.76 % lower. 
The thermal images of the machine at the stable state were taken a n d are s h o w n i n F igure 8.16. 
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c) d) 

Figure 8.16: T h e r m a l - c a m e r a images for the M P at 50 r p m m a c h i n e w i t h o u t active c o o l i n g a) 
R i g h t s ide t h e r m a l i m a g e f r o m the thermal -camera b) R i g h t s ide real image f r o m the t h e r m a l -
camera, c) Left s ide t h e r m a l image f r o m the thermal -camera d) Lef t s ide real image f r o m the 
thermal-camera. 
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9 Conclusion 

This chapter is about to c o n c l u d e the dissertat ion thesis a n d to br ie f ly s u m u p the accom­
p l i s h e d w o r k . 

This dissertat ion thesis i n t r o d u c e d the procedure of the d e s i g n a n d o p t i m i z a t i o n of the 
h igh- torque l o w - s p e e d permanent magnet-assisted synchronous reluctance m o t o r for the sh ip 
p r o p u l s i o n . The des i red m a c h i n e w a s a i m e d to achieve the o u t p u t p o w e r of 55 k W at 150 r p m . 
The w o r k w a s m a i n l y focused o n the d e s i g n aspects a n d the a i m of a low-cost s o l u t i o n for the 
m e n t i o n e d appl ica t ion . 
In the b e g i n n i n g of the second chapter, some of the electric m o t o r d e s i g n challenges were i n ­
t roduced to the reader, p u r e l y to u n d e r l i n e the importance a n d the state of the art of the thesis. 
The p r o p o s e d topic w a s , a l o n g w i t h the relevant p u b l i c a t i o n research, presented as actual a n d 
p r o m i s i n g to the future. 
The t h i r d chapter i n t r o d u c e d some basic p r i n c i p l e s a n d a broader o v e r v i e w of the permanent 
magnets u s e d i n the f i e l d of the electrical machines . Th is chapter a i m e d to h e l p the reader to 
g a i n a n o v e r v i e w of the p e r m a n e n t magnets u s e d for the des ign , ferrites, i n the context of the 
h is tor ica l a n d energy density. Important aspects of a l l the ferrites u s e d i n the electromagnetic 
des ign w i t h some brief chemical points of v i e w were depic ted as w e l l . A t the end of the chapter, 
a research of the relevant ferrite magnets manufacturers i n c l u d i n g the stored energy, remanent 
flux densit ies , a n d materials w a s done. The highest energy densit ies were f o u n d i n the T D K 
manufacturer datasheets, f o l l o w e d closely b y the H i t a c h i manufacturer the first one reaching 
44 k j / m 3 a n d the second one 43 k j / m 3 a n d the remanent flux densi ty e q u a l to 0.475 T, 0.485 T 
respectively. 
The next chapter dealt w i t h a synchronous reluctance motor theory a long w i t h the applicat ions 
a n d the m o t o r stronger a n d w e a k e r characteristics a n d the state of art analysis . The ferrite-
assisted machines are f o u n d i n m a n y appl ica t ions , some of t h e m a i m i n g at l o w - s p e e d p r o p u l ­
sions. 
The title of the richest chapter, solely b y the n u m b e r of pages, c o u l d be assigned to the f i f th chap­
ter, w h i c h dealt w i t h the o p t i m i z a t i o n a lgor i thms . A f t e r a br ief i n t e r v i e w of the o p t i m i z a t i o n 
w i t h the his tor ical contents, the sort ing a n d c o m m o n l y used funct ions w i t h the emphasis p u t o n 
the descr ipt ion of the most c o m m o n l y used members i n each a lgor i thms branch. This presented 
the b r o a d topic of o p t i m i z a t i o n to the reader a n d gave a n o v e r v i e w of the u s e d a lgor i thms i n 
electric machines w i t h the pros a n d cons. The chapter conta ined a deta i led descr ip t ion of the 
a lgor i thms used b y the author, the se l f -organizing m i g r a t i n g a l g o r i t h m a n d genetic a lgor i thms, 
w i t h the pr inc ip les a n d the parameters. 
The s ix th chapter presented the pract ical part of the thesis. The d e s i g n part i n t r o d u c t i o n stated 
the des i red characteristics, the p r o p o s e d geometry, a n d the mater ia ls chosen for the m a c h i n e 
des ign . A s the chapter e v o l v e d the i d e a l s lot-poles c o m b i n a t i o n w a s invest igated. The part of 
the electromagnetic des ign , that seemed to be o v e r l o o k e d seems to be the c o m p a r i s o n w i t h the 
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other flux-barrier shapes a n d counts i n the designs. Th is w a s due to b o t h the l i m i t e d t ime for 
the d e s i g n a n d the requirement to achieve the low-cost m a c h i n e so lu t ion . The author ' s exper i ­
ence w i t h this flux-barrier count l ead to the geometry w h i c h uses these three barr ier t o p o l o g y 
a n d seems to be a reasonable s o l u t i o n based o n the ach ieved results. The inves t iga t ion of the 
best c o m b i n a t i o n w a s done i n the c o m m o n l y u s e d w i n d i n g types - the in tegra l slot w i n d i n g , 
the fract ional-slot d i s t r i b u t e d w i n d i n g , a n d b o t h the s ingle a n d dua l - layer fract ional-s lot con­
centrated w i n d i n g s . The best combinat ions f o u n d i n the research, w h i c h were then chosen for 
further analys is , w e r e the 60 slots 10 poles integra l slot w i n d i n g , the 54 slots 12 poles , a n d the 
45 slots 10 poles fractional-slot d is t r ibuted w i n d i n g , a n d the 18 slots 16 poles fractional-slot con­
centrated s ingle- layer w i n d i n g . W h i l e the best characteristics were f o u n d i n the combinat ions 
w i t h the l o w e r pole number . 
The p r e v i o u s chapter w a s n a t u r a l l y f o l l o w e d b y the one d e a l i n g w i t h o p t i m i z a t i o n . The p u r ­
pose is threefold, one is s tat ing the c o m p a r i s o n of the i d e a l versus the preference based m u l t i -
objective o p t i m i z a t i o n . Th is c o m p a r i s o n resul ted c lear ly i n a favor of the i d e a l mult i -object ive 
a lgor i thms , w h e r e o n l y the mult i -ob ject ive se l f -organiz ing m i g r a t i n g a l g o r i t h m a n d the n o n -
d o m i n a n t sort ing genetic a l g o r i t h m were able to f i n d a n o p t i m a l so lut ion sat isfying the desired 
m a c h i n e objectives. A s the w i n n e r s of c o m p a r i s o n r e g a r d i n g the p r i n c i p l e can be seen the 
genetic a l g o r i t h m s i n b o t h modi f i ca t ions . A s a clear "no-go" o p t i o n of the c o m p a r i s o n is the 
se l f -organiz ing m i g r a t i n g a l g o r i t h m p r o b a b l y because of the h i g h e r a m o u n t of the o p t i m i z e d 
parameters because this a l g o r i t h m w a s able to de l iver s o l i d results i n other scenarios, as stated 
i n the chapter d e a l i n g w i t h the o p t i m i z a t i o n a lgor i thms. 
The second chapter 's outcome can be seen i n the o p t i m i z a t i o n of the geometries chosen i n 
the s ix th chapter. These combinat ions w e r e o p t i m i z e d b y the n o n - d o m i n a n t sor t ing genetic 
a l g o r i t h m based o n the s o l i d results obta ined i n the first o p t i m i z a t i o n scenario. A l l four ge­
ometries were o p t i m i z e d a n d d e l i v e r e d s o l i d results, aga in w i t h the lower-poles combinat ions 
d o m i n a t i n g over the 16 p o l e geometry. The rest of the o p t i m i z e d combinat ions ach ieved v e r y 
p r o m i s i n g results a n d a l l three machines c o u l d be bui l t , w i t h some modif icat ions regarding the 
m a n u f a c t u r i n g tolerances a n d m o u n t i n g holes. 
The t h i r d goal w a s to opt imize the restricted o p t i m i z a t i o n case of the best a n d suitable geometry 
for the appl ica t ion - the 60 slots a n d 10 poles combinat ion . W i t h the o p t i m i z a t i o n restrictions, it 
w a s not poss ible to f i n d the o p t i m a l so lut ions sa t i s fy ing the des i red objectives w i t h b o t h i d e a l 
mult i -object ive o p t i m i z a t i o n a lgor i thms. 
The o p t i m i z e d m o t o r w a s then d e e p l y a n a l y z e d b y f inite element analys is b o t h i n the v a r i o u s 
speeds a n d the w o r k i n g points d e l i v e r i n g s o l i d results i n a l l depic ted objectives. 
The f i n a l chapter dealt w i t h the test ing procedure of the o p t i m i z e d machine . Th is w a s per­
f o r m e d o n the shorter stack length machine than considered i n the d e s i g n process to l o w e r the 
prototype cost. This chapter in t roduced the problematic setup of the A C d r i v e a n d the solutions, 
test bench , a n d the test ing results w i t h the measurement uncertainties. The d e s i g n e d machine 
w a s not able to d e l i v e r the characteristics est imated b y the f inite element analysis . Th is w a s 
m a i n l y d u e to the non-suff ic ient c o o l i n g of the machine a n d worse condi t ions i n the testing. 

Regardless of f a i l i n g to de l iver the des i red test results is the w o r k done i n this thesis is 
cons idered to be of g o o d v a l u e for b o t h researchers a n d engineers d e a l i n g w i t h the ferrite-
assisted synchronous reluctance machines for the high-torque a n d l o w - s p e e d applicat ions. This 
thesis p r o v e d the c l a i m stated i n the chapter 4, that the ferrite assisted reluctance m a c h i n e is 
able to de l iver about 30 % l o w e r p o w e r than the S P M w i t h the same stack length. 
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9.1 Future work 

The d e v e l o p m e n t of the h igh- torque s y n c h r o n o u s reluctance m o t o r a n d the measurement 
served as a n i n i t i a l step t o w a r d the further d e v e l o p m e n t that w i l l take place after the disserta­
t ion thesis. 
The f ina l machine des ign comes f r o m the currently p r o d u c e d stator b y the manufacturer i n c l u d ­
i n g the w a t e r - c o o l i n g , w h i c h h a d become the weakest part of the des ign . R e g a r d i n g this, the 
second o b v i o u s step w o u l d be either to choose the machine designs i n the section 7.3 or to use 
a more efficient coo l ing . 
The other par t of the future d e v e l o p m e n t c o u l d be the test of the different h igher energy m a g ­
nets f r o m other manufacturers to de l iver a h igher p o w e r factor, torque per v o l u m e rat io a n d 
thus decrease the current l o a d i n g a n d Joule losses. 
W h a t c o u l d be seen as p r o m i s i n g for future d e v e l o p m e n t is to a p p l y this 30 % p o w e r decrease 
w h e n c o m p a r e d to the S P M that c o u l d be taken into account i n the second electromagnetic 
des ign. 
The conclusions d r a w n i n the chapter 8 seems to be v e r y useful regarding the p o w e r electronics 
setup that c o u l d be deve loped for s imi lar ferrite assisted synchronous reluctance machines a n d 
l o w e r the r i sk of d e m a g n e t i z a t i o n w i t h i n the d r i v e setup. A n e w dq-axes ident i f i ca t ion proce­
dure needs to be d e v e l o p e d for the serial A C d r i v e conf igurat ion i n order to s i m p l i f y the setup 
procedure. 
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10 I Attachments 
10.1 The dynamometer ASD P500 datasheet 
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HODNOTY DYNAMOMETRU Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor 

Jmenovitý výkon P n 
kW 15 13 30 30 46 42 50 45 85 77 100 100 153 145 

Výkon v n m 8 I kW 6 5,2 30 30 26 20 25 23 40 32 55 52 105 100 

Jmenovitý moment Mni Nm 93 80,6 35,8 35,8 220 200 312 281 541 490 637 637 974 923 

Moment v n 2 M„2 Nm 47,8 56,4 28,7 28,7 108,7 160,4 159 179 225 283 265 281 487 462 

Moment v n m a í M n m a » Nm 9,5 8,3 28,7 28,7 41,3 31,8 40,0 36,6 64,0 51,0 88 83 201 191 

Maximálni moment M m „ Nm 150 50 200 450 800 1 000 1 300 

Kalibrační moment Mfca, Nm 100 40 200 300 700 900 1 000 

Jmenovité otáčky n, min"1 1 540 1 540 8 000 8 000 2 000 2 000 1 530 1 530 1 500 1 500 1 500 1 500 1 500 1 500 

Otáčky n 2 min"1 3 000 2 200 10 000 10 000 4 050 2 500 3 000 2 400 3 600 2 600 3 600 3 400 3 000 3 000 

Maximálni otáčky r w min"* 6 000 10 000 6 000 6 000 6 000 6 000 5 000 

Minimální provozní otáčky nm,n min"1 50 50 50 50 50 50 50 

Proud naprázdno ID A 11,6 17,1 25,4 32,9 69,0 76,0 130,0 

Jmenovitý proud IM A 27,1 52.4 82,4 87,1 167,0 180,0 268,4 

Jmenovité napětí Um V 360 360 390 390 345 360 360 360 400 400 400 400 400 400 

Napětí v n z U„2 V 360 360 390 390 360 360 360 360 400 400 400 400 400 400 

Jmenovitá frekvence fn1 Hz 50 53 132 135 65 68 50 52 49 51 49 51 49 51 

Frekvence v n2 fn2 Hz 100 76 164 169 132 85 98 82 117 89 118 116 98 102 

Frekvence v n,™, Hz 195 203 164 169 198 202 198 202 197 203 198 202 164 169 

cosfi 0,79 0,88 0,87 0,86 0,78 0.81 0,78 

T E C H N I C K Á D A T A 

Kalibrační rameno L C 
m 0,5099 1,0194 1,0194 1,0194 1,0194 1,0194 1,0194 

Kalibrační hmotnost kg 20 4 20 30 70 90 100 

Snímače teploty - vinutí KTY84 PTC KTY84 KTY84 KTY84 KTY84 KTY84 

- AS ložisko PťlOO P1100 Pt100 Pt100 P1100 Pťl00 Pt100 

- BS ložisko PťlOO P1100 Pt100 Pt100 P1100 PťlOO Pt100 

Moment setrvačnosti J kgm2 0,0766 0,053 0,2626 0,4289 0,445 0,925 0,925 

Barva dynamometru RAL7035 RAL7035 RAL7035 RAL7035 RAL7035 RAL7035 RAL7035 

Hmotnost m 235 520 285 450 733 1 220 1 225 

Snímač otáček - typ ROD426 ERO1420 ROD426 ROD426 ROD426 ROD426 ROD426 

- počet pulzů 1 024 1 024 1 024 1 024 1 024 1 024 1 024 

Snímač síly - typ SM250 Z6FC3/50 SM250 SM500 Z6FC3 5kN Z6GC3 Z6GC3 

- jmenovitá sílí F N 
N 1 112 460 1 112 2 224 5 000 5 000 5 000 

Spojka - typ Rotex, Modulflex Modulflex Rotex, Modulflex Rotex, Modulflex Modulflex Modulflex Modulflex 

M E C H A N I C K É R O Z M Ě R Y - mm 

A 312 430 420 600 700 700 
B 320 406 440 406 510 510 

C 403 588 Q 514 750 852 852 
D 708 715 O 806 977 1 033 1 033 
E 480 490 506 520 630 630 
F 200 225 IN

I 
K

A
LN

Í 

250 250 315 315 
G 660 855 

IN
I 

K
A

LN
Í 

766 880 1 000 1 000 
H 38H6 35H6 _ 48H6 45H6 60H6 60H6 
1 80 50 110 50 52 52 
K 1 270 2 400 2 150 2 400 2 570 2 570 
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Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor Brzda Motor 

200 190 220 210 220 205 330 315 400 380 440 420 500 500 660 625 800 765 

110 105 150 143 120 105 185 170 350 315 260 250 320 320 660 625 800 765 

1 275 1 210 934 891 1 868 1 740 2 801 2 674 1 863 1 770 3 735 3 565 3 183 3 183 4 400 4 171 5 496 5 256 

529 504 467 501 1 051 1 058 1 576 1 583 849 907 2 101 2 111 1 326 1 326 1 575 1 492 1 910 1 825 

175 167 239 228 287 250 505 464 557 501 709 682 509 509 1 575 1 492 1 910 1 825 

1 800 1 400 2500 4 000 2500 5 000 4 500 6 000 7 000 

1 500 1 000 2300 3 500 2000 4 500 3500 5000 6 000 

1 500 1 500 2 250 2 250 1 125 1 125 1 125 1 125 2 050 2 050 1 125 1 125 1 500 1 500 1 430 1 430 1 390 1 390 

3 600 3 600 4 500 4 000 2 000 1 850 2 000 1 900 4 500 4 000 2 000 1 900 3 600 3 600 4 000 4 000 4 000 4 000 

6 000 6 000 4 000 3 500 6 000 3 500 6 000 4 000 4 000 

50 50 5 5 50 5 50 10 10 

153 135 201 281 304 340 378 326 415 

369 380 408 606 684 775 881 756 980 

370 370 380 380 387 400 390 400 400 400 400 400 400 400 585 585 540 540 

400 400 380 380 400 400 400 400 400 400 400 400 400 400 660 660 600 600 

49 51 74 76 74 76 74 76 68 69 74 76 50 51 47 48 46 47 

118 122 148 135 131 125 132 129 148 135 132 128 119 121 132 135 132 134 

198 202 198 202 264 269 232 235 198 202 232 235 199 202 132 135 132 134 

0,82 0,86 0,76 0,77 0,81 0,79 0,82 0,83 0,85 

1,9 1.8 3,46 6,75 2,441 11,1 7,6ť 6,56 16,82 
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